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ABSTRACT 

-Y 

The s o f t  landing of a spacec ra f t  on t h e  s u r f a c e  of Mars w i l l  r e s u l t  i n  a 

flow of hea t  and exhaust gases i n t o  t h e  s o i l .  The r e s u l t s  of an a n a l y t i c a l  

s tudy  on t h e s e  t r anspor t  phenomena are presented i n  t h i s  f i n a l  r e p o r t .  

General governing equat ions  f o r  h e a t  and m a s s  t r a n s p o r t  i n  a porous 

medium are es t ab l i shed .  

desc r ibe  t h e  flaw of hea t  and exhaust gases  i n t o  t h e  Mars s o i l  and f o r  which 

c losed  form s o l u t i o n s  can be  obtained. Approximate boundary condi t ions  

s e l e c t e d  wi th  regards  t o  t h e  rate of descent  and engine cut-off he ight  of the 

s p a c e c r a f t  are u t i l i z e d  t o  ob ta in  s p e c i f i c  so lu t ions .  A va lue  of t h e  thermal  

d i f f u s i v i t y  is used which b e s t  accounts f o r  t h e  s o i l  type ,  gas  p re s su re  and 

temperature  expected on the  Mars sur face .  Multipomponent d i f f u s i o n  theory 

can no t  be app l i ed  t o  t h e  d i f f u s i o n  processes  encountered here ,  and an 
e f f e c t i v e  b ina ry  d i f f u s i o n  c o e f f i c i e n t  i s  the re fo re  used i n  the equat ions  

governing exhaust gas d i f f u s i o n  i n t o  and out  of t h e  s o i l .  Adsorption and 

subsequent desorp t ion  of exhaust gases by t h e  Mars s o i l  may occur. 

t h e  l a c k  of d a t a  on adsorp t ion  and desorp t ion  rates precludes a concise  

a n a l y s i s  of t h e s e  e f f e c t s .  

The equat ions are then reduced t o  forms which b e s t  

However, 

f 
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1. INTRODUCTION 

0 
Plans are p r e s e n t l y  being formulated f o r  s o f t  l andings  on t h e  s u r f a c e  of 

Mars by unmanned s p a c e c r a f t  carrying s c i e n t i f i c  ins t ruments .  Such a s p a c e c r a f t  

w i l l  be a b l e  t o  c o l l e c t  and t ransmit  t o  Ear th  cons iderable  d a t a  t h a t  w i l l  h e l p  

t o  answer many ques t ions  concerning t h e  condi t ions  on t h e  s u r f a c e  of Mars. 

though astronomers have been obtaining d a t a  on Mars f o r  many decades,  cons iderable  

unce r t a in ty  y e t  remains concerning such f a c t o r s  as t h e  chemical composition and 

p res su re  of t h e  atmosphere, s o i l  composition, s u r f a c e  temperature ,  and t h e  poss i -  

b i l i t y  of s imple forms of l i f e  onMars.  

answering a l l  t h e  ques t ions  r e l a t i n g  t o  Mars which s c i e n t i s t s  are r a i s i n g  - hence 

t h e  need f o r  a s o f t  landing spacec ra f t  on t h e  s u r f a c e  of Mars t o  c o l l e c t  da t a .  

Even 

Astronomy is simply not  capable  of 

Precaut ions ,  however, must be taken t o  a s s u r e  t h a t  t h e  information obta ined  

by t h e  s p a c e c r a f t  instruments  t r u l y  r e p r e s e n t s  t h e  condi t ions  on t h e  s u r f a c e  of 

Mars. Thus, one must bear  i n  mind t h a t  t h e  s p a c e c r a f t  i t s e l f  may pe r tu rb  t h e  

l o c a l  s u r f a c e  condi t ions  and a f f e c t  t h e  d a t a  c o l l e c t i o n .  The s tudy r epor t ed  

h e r e i n  is concerned wi th  several aspec ts  of l o c a l  s u r f  ace "contamination" by 

t h e  spacec ra f t .  I n  p a r t i c u l a r ,  t h e  s tudy  i s  d i r e c t e d  toward p red ic t ing ,  a n a l y t i -  

c a l l y ,  t h e  degree of s o i l  h e a t i n g  by t h e  exhaust gases  and t h e  quan t i ty  of mass 

f l a w  of exhaust gases  i n t o  t h e  s o i l  w i th  any p o s s i b l e  simultaneous chemical 

r eac t ions .  With t i m e  h i s t o r y  p red ic t ions  a v a i l a b l e  f o r  t h e  temperature  d i s t r i b u -  

t i o n  and t h e  exhaust  gas d i s t r i b u t i o n  w i t h i n  t h e  s o i l ,  t hose  r e spons ib l e  f o r  

designing t h e  s p a c e c r a f t  s o i l  experiments w i l l  b e  a b l e  t o  cons ider  t h e  p o s s i b l e  

e f f e c t s  of t h e  exhaust  gases  upon t h e  s o i l .  Also,  a f t e r  t h e  experiments have 

been conducted and t h e  d a t a  t ransmi t ted  t o  Ear th ,  t h e  d a t a  i n t e r p r e t a t i o n  can 

be performed i n  t h e  l i g h t  of t h e  pred ic ted  e f f e c t s  of t h e  exhaust gases .  

Consider t h e  na tu re  of t h e  exhaust gas - s o i l  i n t e r a c t i o n  phenomena. The 

Mars s u r f a c e  w i l l  b e  exposed f o r  a s h o r t  per iod  of t i m e  t o  h o t ,  h igh  v e l o c i t y  

exhaus t  gases  from t h e  re t ro- rockets  of t he  descending spacec ra f t .  The exhaust 

gases  w i l l  tend t o  h e a t  t h e  s o i l  su r f ace  (hea t  a l s o  may be  t r a n s f e r r e d  t o  t h e  

s o i l  by r a d i a t i o n  d i r e c t l y  from the ho t  rocke t  engine)  thereby causing a h e a t  

f l u x  i n t o  t h e  s o i l .  Also, as t h e  gases  flow over t h e  s o i l  s u r f a c e ,  a f r a c t i o n  

of t h e  gases  w i l l  flow i n t o  t h e  s o i l  pores and d i s p l a c e  t h e  atmospheric gases  

i n i t i a l l y  t h e r e .  Af t e r  t he  rocket engine c u t s  o f f ,  t h e  s o i l  w i l l  begin t o  cool ,  

and t h e  exhaust  gases  w i l l  gradual ly  b e  r ed i sp laced  i n  t h e  s o i l  pores  by t h e  
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atmospheric gases.  These t r a n s i e n t  exhaust gas - so i l  i n t e r a c t i o n  processes  may 

be  analyzed by the  theory of h e a t  and mass t r a n s f e r  i n  porous media. That i s ,  

simultaneous equat ions can b e  w r i t t e n  which govern t h e  t r a n s p o r t  of h e a t  and 

gases  i n  s o i l s .  However, as w i l l  be seen  i n  t h e  fol lowing chap te r s ,  t h e  exac t  

equat ions  prove f a r  too  complex f o r  s o l u t i o n s  t o  be  obtained.  Reasonable s impli-  

f i c a t i o n s ,  based on the  physics  of t h i s  p a r t i c u l a r  heat and mass t r a n s f e r  problem, 

can be  made i n  t h e  theory ,  and t h e  governing equat ions  made amenable t o  s o l u t i o n .  

~ 

Contamination s t u d i e s  have been previous ly  performed f o r  spacec ra f t  l andings  

nn t h e  luna r  su r face .  Aroncwitz, e t  a l ,  (1)  conducted an  ex tens ive  s tudy  on t h e  

e f f e c t s  of a LEM descent  engine on t h e  s u r f a c e  of t h e  Moon. S o i l  e ros ion ,  atmos- 

p h e r i c  contamination, s o i l  contamination, and chemical r e a c t i o n s  t h a t  may r e s u l t  

i n  a moon landing  were inves t iga t ed .  Flow of exhaust gases  i n t o  t h e  s o i l  w a s ,  

however, no t  s tud ied .  

w i l l  r e s u l t  upon a s o f t  landing on Mars. No work, however, has  been performed 

p r i o r  t o  the  s tudy  repor ted  he re in  which is d i r e c t e d  a t  ob ta in ing  a p r e d i c t i o n  

of t h e  h e a t  t r a n s f e r  and exhaust gas flow i n t o  t h e  Mars s o i l .  

HuttoQ (2) considered t h e  s u r f a c e  e ros ion  ( c r a t e r i n g )  t h a t  

- 2 -  



2 .  GENERAL THEORY AND BASIC EQUATION 

2.1  Energy Transfer  - Mass Transfer  Coupling 

The exhaust gas-so i l  i n t e r a c t i o n  problem, as b r i e f l y  d iscussed  above, is  

b a s i c a l l y  a simultaneous energy and m a s s  t r a n s f e r  phenomena. Mass t r a n s f e r  

r e f e r s  t o  the  flow of exhaust gases and atmospheric gases  i n t o  and ou t  of the 

Martian s o i l .  Energy t r a n s f e r  r e f e r s  t o  t h e  h e a t  t r a n s f e r  t o  the  s o i l  and t o  

t h e  thermal energy l i b e r a t e d  (o r  adsorbed) by chemical r e a c t i o n s  between t h e  

exhaust gases  which flow i n t o  t h e  s o i l  and t h e  s o i l  c o n s t i t u e n t s .  The two 

processes  - energy t r a n s f e r  and mass t r a n s f e r  - do not  proceed independent ly  

of one another .  

Consider t h e  phys ics  of t h e  energy t r a n s f e r  process .  Thermal energy,  

h e a t ,  i s  conducted i n t o  t h e  s o i l  because t h e  s o i l  s u r f a c e  i s  heated by rad ia-  

t i o n  from t h e  ho t  rocke t  engine and by t h e  ho t  exhaust gases  sweeping over t h e  

su r face .  Also, h e a t  is  convected i n t o  the  s o i l  by those  exhaust gases  which 

flow i n t o  t h e  s o i l .  Then, hea t  can b e  l i b e r a t e d  wi th in  t h e  s o i l  by chemical 

r e a c t i o n s  which occur between exhaust gases  and t h e  s o i l  c o n s t i t u e n t s .  There- 

f o r e ,  a p o r t i o n  of t h e  energy t r a n s f e r  i n t o  t h e  s o i l ,  t h e  convected h e a t  and 

t h e  h e a t  from chemical r e a c t i o n s ,  is dependent upon t h e  ex ten t  of t h e  exhaust 

gas flow ( t h e  mass t r a n s f e r  process) i n t o  t h e  s o i l .  

a 
Mass t r a n s f e r  i n t o  and out  of t h e  s o i l  occurs  due t o  changes i n  t o t a l  gas 

p r e s s u r e  and/or  component concent ra t ions  a t  t he  su r face .  However, i t  is  a l s o  

known t h a t  temperature  d i f f e rences  ( temperature  g r a d i e n t s ,  s t r i c t l y  speaking) 

may cause mass d i f f u s i o n .  That i s ,  even i n  t h e  absence of t o t a l  o r  p a r t i a l  

p r e s s u r e  g r a d i e n t s ,  mass d i f fus ion  may occur i f  temperature  g rad ien t s  are 

p resen t .  

as arise when t h e  exhaust  gases  sweep ac ross  t h e  s u r f a c e ) ,  is  a l s o  dependent 

on t h e  s o i l  temperature d i s t r i b u t i o n  because t h e  parameters which govern t h e  

p r e s s u r e  induced flow, such as  t h e  gas  v i s c o s i t y  and t h e  d i f f u s i o n  c o e f f i c i e n t s ,  

are s l i g h t l y  temperature  dependent. To summarize, the  po in t  t o  b e  made is t h a t  

t h e  energy and mass t r a n s f e r  processes  t h a t  occur during t h e  landing of a r e t r o -  

r o c k e t  powered s p a c e c r a f t  on Mars are coupled t o  some degree.  The two processes  

must b e  mathematical ly  analyzed as  coupled processes  i n  order  t o  ob ta in  exac t  

s o l u t i o n s  f o r  t h e  temperature  d i s t r i b u t i o n  and t h e  exhaust gas  d i s t r i b u t i o n  

w i t h i n  the  Mars s o i l .  

Mass t r a n s f e r  due t o  t o t a l  and p a r t i a l  p re s su re  d i f f e r e n c e s  (such 

- 3 -  



The exac t  s o l u t i o n s  r e f e r r z d  t o  above are, i n  most energy and mass t r a n s f e r  

problems, nea r ly  impossible  t o  obtain.  General d i f f e r e n t i a l  equat ions  may b e  

e s t ab l i shed ,bu t  s o l u t i o n s  seldom are o b t a i n e d  due t o  t h e  n o n l i n e a r i t i e s  and complexi- 

t i e s  of t h e  equat ions.  Unfortunately,  t h i s  is  t h e  case i n  t h e  present  s tudy  of 

t h e  exhaust gas-Mars s o i l  i n t e r a c t i o n .  Although an exac t  s o l u t i o n  r e f l e c t i n g  

t h e  mass t ransport-energy t r a n s p o r t  coupling can not  be obta ined ,  adequate 

engineer ing  s o l u t i o n s  can be obtained by u t i l i z i n g  s i m p l i f i e d  governing equat ions .  

It is  the  purpose of t h i s  chapter  to  d i scuss  t h e  g e n e r a l  governing equat ions  and 

t o  i n d i c a t e  t h e  s i m p l i f i c a t i o n s  necessary f o r  a s o l u t i o n .  

2.2 The Governing Equations 

General equat ions  governing mass and energy t r a n s p o r t  i n  multicomponent 

systems are obtained by combining mass and energy conserva t ion  equat ions  wi th  

equat ions  expressing t h e  mass and energy f luxes  i n  terms of t r a n s p o r t  p r o p e r t i e s  

and g rad ien t s  of temperature  and spec ie  concent ra t ions .  Bi rd ,  S t e w a r t  and 

Light foot  ( 3 )  p o i n t  out t h a t  t h e  governing equat ions  may be  w r i t t e n  i n  many forms 

depending on whether D / D t  o r  a / a t  is used,  which r e fe rence  frame is  s e l e c t e d  f o r  

t h e  f l u x e s ,  whether m a s s  o r  molar u n i t s  are used, and how t h e  va r ious  forms of 

energy are broken up. 

of t h e s e  many va r ious  forms, bu t  a p re sen ta t ion  of s e l e c t e d  equat ions w i l l  a i d  

i n  expla in ing  t h e  f i n a l  approach used i n  t h i s  s tudy .  

No u s e f u l  purpose w i l l  b e  served  by a d e t a i l e d  d i scuss ion  

A mass Conservation equat ion  of t h e  form, f o r  example, 

is  needed f o r  each of t h e  n comFonents of t h e  multicomponent mixture ,  where p 

i s  t h e  dens i ty  of t h e  ith component, J 

component wi th  u n i t s  of mass p e r  u n i t  t i m e ,  and r is  the  chemical r e a c t i o n  

source  term ( 3 ) .  

i - t h  i s  t h e  mass f l u x  vec to r  of t h e  i i 

i 

The conserva t ion  of energy expression may be  w r i t t e n  as 

where U i s  t h e  s p e c i f i c  p o t e n t i a l  energy, (1/2)v2 is  t h e  s p e c i f i c  k i n e t i c  

energy,  P i s  t h e  energy f l u x  vec to r ,  and Fi i s  t h e  e x t e r n a l  body f o r c e  on t h e  

ith component. 

equa t ions .  

Note t h a t  t h e  massf lux v e c t o r  Ti occurs  i n  bo th  conserva t ion  

- 4 -  



I n  o rde r  t o  ob ta in  d i f f e r e n t i a l  equat ions  t h a t  can be so lved  f o r  t h e  

temperature and spec ie  concent ra t ion  d i s t r i b u t i o n s ,  the  f l u x e s  Ti and e i n  

equat ions  1 and 2 must b e  rep laced  by express ions  that con ta in  t h e  t r a n s p o r t  

p r o p e r t i e s  and t h e  g rad ien t s  of the concent ra t ion  and temperature .  The 

express ion  f o r  t h e  f luxes  can n o t  b e  w r i t t e n  i n  t h e  concise ,  exac t  manner of 

equat ions  1 and 2 .  That i s ,  empir ica l  f l u x  r e l a t i o n s  are o f t e n  necessary.  

The f l u x  expressions are b e s t  obtained through t h e  theory of nonequilibrium 

thermodynamics ( 4 )  which relates t h e  f l u x e s  t o  g rad ien t s  of t h e  i n t e n s i v e  

parameters (such as t h e  g r a d i e n t s  of t h e  temperature  and component concentra- 

t i o n s )  through p r o p o r t i o n a l i t y  cons tan ts  (such as t h e  thermal  conduc t iv i ty ) .  

Consider t h e  express ion  f o r  t h e  f lux  of t h e  ith i d e a l  gas  i n  a mixture  of 

n i d e a l  gases  at  a uniform temperature and t o t a l  p re s su re  and i n  t h e  absence 

of external mechanical d r iv ing  forces .  For t h e s e  cond i t ions  t h e  d i f f u s i o n  

f l u x  of t h e  ith gas is  g iven  a s  

- n 

j =1 

- 
vc 

j 
j i  = -p  1 D~~ ( i  = 1 , 2 ,  ... n)  ( 3 )  

where p is  t h e  t o t a l  d e n s i t y ,  Dij are multicomponent d i f f u s i o n  c o e f f i c i e n t s * ,  

and c are m a s s  f r a c t i o n s  of t h e  n gases .  When temperature  and p res su re  

g r a d i e n t s  e x i s t  i n  t h e  system, a d d i t i o n a l  terms must be added t o  t h e  r i g h t  

hand s i d e  of equat ion  3. For example, a temperature  g r a d i e n t  r e s u l t s  i n  a 

mass f l u x  given as ( 4 )  

j 

- t -  
j i = - p c i  Di VT ( 4 )  

where D i s  t h e  thermal  d i f f u s i o n  c o e f f i c i e n t .  Note, t h e r e f o r e  t h a t  t h e  

m a s s  f l u x  v e c t o r  of each cons t i t uen t  depends on t h e  g r a d i e n t s  of a l l  con- 

s t i t u e n t s  and on temperature  and p res su re  g r a d i e n t s  as w e l l .  

i 

*Nonequilibrium thermodynamic theory e s t a b l i s h e s  the cond i t ions  f o r  which 
I n  9 i j  = E..  . 

equatioA’3, Vc. i s  t h e  d r i v i n g  fo rce  f o r  mass f low,  bu t  i t  daes  n i t  s a t i s f y  
t h e  requiremen4s of nonequilibrium thermodynamics i n  o rde r  t h a t  Di = Dji.  
Therefore ,  f o r  each d i f f u s i n g  cons t i t uen t  of t h e  mixture ,  n diffusion coe f f i -  
c i e n t  must be  known t o  exac t ly  spec i fy  t h e  mass f l u x  when t h e  d r iv ing  f o r c e s  
are t h e  s p e c i e  concent ra t ion  g rad ien t s ,  Vc . 

If the drixring f n r c e  is properly chosen, then  Di. = D 4 + .  

j 
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The express ion  f o r  t h e  gene ra l  f l u x  v e c t o r  e of equat ion  2 a l s o  has  

several terms. Perhaps t h e  most simple form of t h e  energy f l u x  v e c t o r  i s  

e = q = - kVT, which i s  

zero mass flow. When mass flow also occur s ,  an  a d d i t i o n a l  term must b e  added 

t o  t h e  energy f l u x  v e c t o r  t o  account f o r  t h e  energy t r anspor t ed  by t h e  con- 

vec ted  mass. 

- - -  F o u r i e r ' s  l a w  of h e a t  conduction and is  v a l i d  only f o r  
0 

S u b s t i t u t i n g  t h e  mass and energy f l u x  express ions  i n t o  t h e  conserva t ion  

equat ions  1 and 2 ,  one o b t a i n s ,  i n  gene ra l ,  a set of nonl inear  d i f f e r e n t i a l  

equat ions .  These equt ions ,  along with t h e  proper  boundary and i n i t i a l  condi- 

t i o n s ,  must b e  so lved  f o r  exact so lu t ions  t o  t h e  temperature d i s t r i b u t i o n  and 

s p e c i e  concent ra t ion  d i s t r i b u t i o n s  problem. However, exact  s o l u t i o n s  t o  such 

a set  of d i f f e r e n t i a l  equat ions a r e  usua l ly  d i f f i c u l t  t o  ob ta in ,  and s i m p l i f i -  

c a t i o n s  and approximations t o  t h e  equat ions can o f t e n  be made which al low f o r  

a much less d i f f i c u l t  s o l u t i o n  and a f f e c t  t h e  accuracy of t h e  s o l u t i o n  t o  only 

a s m a l l  degree.  The next s e c t i o n  cons iders  t h e  reduct ion  of t h e  gene ra l  

d i f f e r e n t i a l  equat ions  t o  a set  of equat ions  which a c c u r a t e l y ,  b u t  no t  e x a c t l y ,  

d e s c r i b e  t h e  exhaust  gas - so i l  i n t e r a c t i o n  phenomena y e t  f o r  which s o l u t i o n s  

can b e  obtained.  

2 . 3  The Equations Governing Heat and Mass Flow i n t o  t h e  Mars S o i l  

I n  t h i s  s e c t i o n  t h e  equat ionsgoverning t h e  flow of h e a t  and mass i n t o  t h e  

Mars s o i l  w i l l  b e  obta ined  from wi th in  t h e  framework of t he  genera l  theory 

presented  i n  t h e  previous s e c t i o n .  So lu t ions  of t hese  equat ions f o r  s p e c i f i c  

va lues  of t h e  va r ious  p e r t i n e n t  parameters and boundary condi t ions  w i l l  be  

Presented  i n  t h e  fol lowing chapter.  

Consider f i r s t  t h e  hea t ing  of t h e  Mars s o i l .  Sources of thermal  energy 

a t  a po in t  below t h e  s o i l  s u r f a c e  are: 

from t h e  s u r f a c e ,  ( 2 )  hea t  convected by t h e  gases  flowing i n t o  the  s o i l ,  and 

( 3 )  h e a t  generated ( o r  absorbed) by chemical r eac t ion .  The energy conserva- 

t i o n  equat ion  may b e  w r i t t e n  as 

(1) h e a t  conducted through t h e  s o i l  

PCP at a T  = - V*y + G (5) 

where p i s  t h e  s o i l  d e n s i t y ,  c i s  t h e  s o i l  s p e c i f i c  h e a t ,  cis t h e  h e a t  f l u x  

v e c t o r  and G i s  t h e  h e a t  generat ion term. The h e a t  f l u x  vec to r  may be 

expressed  as 

P 
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- 
where k i s  t h e  thermal conduct iv i ty  of t h e  s o i l ,  j i s  t h e  mass f l u x  of gas  i n t o  

t h e  s o i l ,  and h i s  t h e  s p e c i f i c  enthalpy of t h e  gas*. 

t e r m  h 7  can b e  shown t o  be  small  compared t o  - k E  and i f  t h e  h e a t  gene ra t ion  

term G i s  n e g l i g i b l e ,  s u b s t i t u t i o n  of q = - k E  i n t o  equat ion  5 r e s u l t s  i n  t h e  

w e l l  known equat ion 

I f  t h e  convected h e a t  

2 p c  - -  a T - k V T  
P a t  (7) 

where k is assumed cons tan t .  Exact s o l u t i o n s  t o  equat ion  7 are r e a d i l y  

obta ined  f o r  many boundary and i n i t i a l  condi t ions .  Thus, by neglec t ing  t h e  

c o n t r i b u t i o n  of t h e  mass f l u x  t o  the h e a t  t r a n s f e r  process ,  one "decouples" 

the  h e a t  t r a n s f e r  equat ion  from the  mass flow equat ions ,  I f  t he  mass f l u x  

hea t  t r a n s f e r  term h-f can no t  be  dropped from equat ion 6 ,  then  upon s u b s t i t u -  

t i o n  of i n t o  equat ion 5 one obtains  an express ion  which s t i l l  conta ins  a 

mass f l u  t e rmj .  

t i o n  3 i n  order  t o  relate 7 t o  t h e  independent v a r i a b l e s  of t h e  problem. 

end r e s u l t  is  an equat ion  f o r  which a closed form s o l u t i o n  probably can not  be  

obta ined .  

One must then  r e s o r t  t o  us ing  an express ion  such as equa- 

The 

For the  case of low dens i ty  gas d i f f u s i n g  i n t o  the  Mars s o i l ,  i t  is 

reasonable  t o  assume t h a t  t h e  hea t  convected by t h i s  gas is  small compared t o  

t h e  h e a t  conducted by t h e  s o i l .  Calculat ions presented  i n  a fol lowing s e c t i o n  

v e r i f y  t h a t  a s m a l l  t o t a l  m a s s  of g a s  d i f f u s e s  i n t o  t h e  s o i l .  A l s o ,  s i n c e  no 

chemical r e a c t i o n s  between t h e  exhaust gases  and t h e  s o i l  components appear 

l ike ly** ,  t h e  h e a t  gene ra t ion  term may be  assumed t o  b e  zero.  

equat ion  7 accounts  f o r  t h e  primary source  of energy t r a n s f e r  w i t h i n  t h e  Mars 

s o i l ,  and s o l u t i o n s  of t h i s  equation w i l l  y i e l d  accu ra t e  p r e d i c t i o n s  of t h e  

temperature  d i s t r i b u t i o n s  w i t h i n  the s o i l .  Proper va lues  of p ,  c , and k of 

t h e  s o i l  as w e l l  as t h e  necessary boundary and i n i t i a l  condi t ions  are d iscussed  

i n  Chapter 3 p r i o r  t o  p re sen t ing  the s o l u t i o n s  of t h e  equat ion.  

Therefore ,  

P 

*The s p e c i f i c  enthalphy of an  i d e a l  gas  i s  c T where c is t h e  gas  s p e c i f i c  
h e a t  and T i s  the  l o c a l  gas  temperature.  
g a s  temper%ture a t  a po in t  does not n e c e s s a r i l y  equal  t h e  l o c a l  s o i l  tempera- 
t u r e  a t  t h e  same po in t .  

io! gas f l o g  i n t o  the  s o i l ,  t h e  

**Additional d i scuss ion  t o  fo l low,  
a 
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Now cons ider  t h e  problem of descr ib ing  t h e  exhaust  gas  flow i n t o  t h e  

porous Mars s o i l  by equat ions f o r  which s o l u t i o n s  can b e  reasonably obtained.  

The exac t ,  r igorous  approach w a s  previously presented.  The conserva t ion  

equat ion ,  equat ion  1, is  wri t ten f o r  each component of t h e  multicomponent 

exhaust gas  mixture .  Then, expressions r e l a t i n g  t h e  chemical r e a c t i o n  term r 

and the  mass f l u x  term V - j  t o  t h e  independent v a r i a b l e s  of t h e  problem ( t h e  

concen t r a t ions ,  temperature ,  e t c . )  must b e  s u b s t i t u t e d  i n t o  t h e  conserva t ion  

equat ion  i n  o rde r  t o  ob ta in  t h e  d i f f e r e n t i a l  equat ions which can,  t h e o r e t i -  

c a l l y ,  be  solved f o r  t h e  concent ra t ion  d i s t r i b u t i o n s  w i t h i n  t h e  Mars s o i l .  

For p r a c t i c a l  engineer ing s o l u t i o n s ,  however, s i m p l i f i c a t i o n s  must be  made. 

i 

F i r s t ,  s i n c e  chemical r eac t ions  between t h e  rocke t  exhaust gases  and 

the  Mars s o i l  do not  appear probable,  t h e  chemical r e a c t i o n  term r of equat ion  1 

may be  assumed zero*. 

are l i k e l y  s i n c e  t h e  term r i s  genera l ly  g r e a t l y  dependent upon temperature ,  

concent ra t ion ,  and p res su re  f o r  any chemical r eac t ion .  Inc lus ion  of such a 

t e r m  i n  equat ion  1 would make f o r  a d i f f i c u l t  s o l u t i o n ,  

It i s  f o r t u n a t e  t h a t  no l a r g e  scale chemical r e a c t i o n s  

Secondly, t h e  express ion  f o r  t h e  mass f l u x  7 i 
f o r  t h e  case of exhaust gas flow in  t h e  Mars s o i l .  

t h e  mass f l u x  of t h e  ith component of a multicomponent gas mixture ,  depends on 

t h e  concent ra t ion  g rad ien t s  of a l l  t h e  mixture  c o n s t i t u e n t s  as w e l l  as t h e  

p r e s s u r e  and temperature  g rad ien t s ,  Equation 4 expresses  t h e  con t r ibu t ion  t o  

j i  r e s u l t i n g  from t h e  temperature  g r a d i e n t ,  bu t  as pointed out  t h i s  t e r m  is 

ncrmally s m a l l  and w i l l  be  neglected-  

t h e  gas  flow i n  t h e  porous Mars s o i l  w i l l  be  due s o l e l y  t o  concent ra t ion  

g r a d i e n t s  and/or  t o  t h e  t o t a l  p ressure  g rad ien t .  

can be  s i m p l i f i e d  considerably 

As previous ly  ind ica t ed  Ti, 

- 

Assuming n e g l i g i b l e  thermal  d i f f u s i o n ,  

It w i l l  be  shown i n  t h e  next  chapter  (when boundary cond i t ions  f o r  t h e  

governing equat ions are formulated from t h e  expected a c t u a l  s u r f a c e  condi t ions)  

t h a t  t h e  Mars s u r f a c e  area subjected t o  t h e  exhaust gases  can be  d iv ided  i n t o  

two reg ions  based on the  flow r e g i m e s  w i t h i n  t h e  s o i l .  Gas flow i n  t h e  s o i l  

of t h e  two regions w i l l  be  governed by d i f f e r e n t  equat ions .  I n  t h e  reg ion  

d i r e c t l y  beneath t h e  engine exhaust nozz le ,  t h e  t o t a l  p re s su re  a t  t h e  s o i l  

s u r f a c e  w i l l  be  g r e a t  enough t o  e s t a b i i s h  a totai pressiire gradient with i r :  t he  

s o i l  thereby causing a bulk  g a s  flow. 

medium subjec ted  t o  a t o t a l  pressure** g rad ien t  i s  g iven  by Darcy's l a w  ( 3 ) ,  

The v e l o c i t y  of f l u i d  flowing i n  a porous 

*A p a r t i c u l a r  case f o r  r independent of temperature bu t  no t  zero  w i l l  be  d iscussed  
i n  a fol lowing s e c t i o n .  

of  t h e  gases  i n  t h e  multicomponent mixture ,  
**The t o t a l  p re s su re  repea ted ly  r e fe r r ed  t o  is  t h e  sum of t h e  p a r t i a l  p re s su res  
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VP (8) k 
0 u 

v = - -  

where v is  t h e  s u p e r f i c i a l  v e l o c i t y  (volume rate of flow through a u n i t  cross-  
0 

0 
s e c t i o n a l  area of t h e  s o l i d  p lus  f l u i d )  averaged over a small reg ion  of space - 
small  w i t h  r e s p e c t  t o  microscopic  dimensions i n  t h e  flow system b u t  l a r g e  wi th  

r e spec t  t o  t h e  pore s i z e ,  k is t h e  permeabi l i ty  of t h e  porous medium, and p i s  

t h e  f l u i d  v i s c o s i t y .  The mass f l u x  may b e  w r i t t e n  as 

where p i s  t h e  f l u i d  dens i ty .  

Equation 9 is  s u b s t i t u t e d  i n t o  a modified m a s s  conserva t ion  equat ion 

- 

where E is  t h e  po ros i ty  of t h e  porous medium (E i s  def ined  as t h e  r a t i o  of 

pore  volume t o  t o t a l  volume) i n  order  t o  o b t a i n  t h e  equat ion  

Equation 10 and t h e  equat ion of s t a t e  of t h e  f l u i d  desc r ibe  t h e  motion of a 

f l u i d  i n  a porous medium. For example, i f  one assumes an  incompressible  

l i q u i d ,  p = cons tan t ,  equat ion 10 reduces t o  Laplace ' s  equat ion 0 p = 0. 

However, f o r  gases  t h e  expansion process in f luences  t h e  form of t h e  r e s u l t i n g  

equat ion.  For example i f  an  i so thermal  gas  flow process  occurs ,  t h e  equat ion  

of s ta te  p = pRT and equat ion  10 y i e l d  

2 

where p is  t h e  gas  dens i ty  a t  u n i t  p re s su re .  

Equat ion 11, t h e r e f o r e ,  governs the t r a n s i e n t  gas flow i n  t h e  Mars s o i l  i n  

any reg ion  where a s i g n i f i c a n t  t o t a l  p re s su re  g rad ien t  e x i s t s  i n  t h e  s o i l  

and wnen t h e  flow i s  asswried isothermal. As i n d i c a t e d ,  i t  w i l l  b e  shown 

t h a t  t h i s  equat ion  may be used t o  d e s c r i b e  t h e  flow f o r  t h e  s o i l  r eg ion  nea r  

t h e  s u r f a c e  s t a g n a t i o n  po in t  of the exhaust  gas  flow f i e l d .  

0 
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An equat ion  w i l l  now be  obtained f o r  t h e  flow of gases  i n  t h e  reg ion  of t h e  

Mars s o i l  where t o t a l  p re s su re  g rad ien t s  are small b u t  where s i g n i f i c a n t  concen- 

t r a t i o n  g rad ien t s  of t h e  ind iv idua l  gases  exis ts .  

a f f e c t e d  w i l l  be  t h e  reg ion  swept over by exhaust gases  t h a t  have a p res su re  at 

the  s u r f a c e  equal  t o  the  ambient Mars atmospheric p re s su re .  

p ressure  g rad ien t  e x i s t s ,  no bulk flow (Darcy's l a w  flow) w i l l  occur.  

t h e  exhaust gas multicomponent mixture a t  t h e  s o i l  s u r f a c e  d i f f e r s  from t h e  

mixture  of gases  i n i t i a l l y  w i t h i n  the s o i l  ( i .e. ,  t h e  gases  comprising t h e  Mars 

atmcsphere).  Therefore,  concent ra t ion ,  o r  p a r t i a l  p re s su re ,  g rad ien t s  e x i s t s  

f o r  each gas p re sen t ,  and i n t e r d i f f u s i o n  of t h e  gases  w i l l  proceed governed by - n 
equat ion  3,  j i  = 'P jil Dij  Vc j appl ied t o  each of t h e  n gases*. 

comprise t h e  exhaust mixture  (CO, C02, H2,  H 0, N ),  and under t h e  assumption 

t h a t  t h e  Mars atmosphere is pr imar i ly  n i t rogen ,  one ob ta ins  s i x  equat ions  of 

t h e  form of equat ion  3 .  Each equat ion conta ins  s i x  terms each wi th  a d i f f e r e n t  

d i f f u s i o n  c o e f f i c i e n t .  

equa l  ( 3 ) ,  t h e r e f o r e  36 d i f f e r e n t  d i f f u s i o n  c o e f f i c i e n t s  w i l l  appear i n  t h e  s i x  

equat ions .  Di f fus ion  c o e f f i c i e n t s  have r epor t ed ly  been ca l cu la t ed  f o r  s imple 

s t e a d y  s ta te  d i f f u s i o n  problems involving a t h r e e  component mixture ,  b u t  f o r  

t h e  case of s i x  gases  i n t e r d i f f u s i n g  i n  the  Mars s o i l  no p r a c t i c a l  way e x i s t s  t o  

c a l c u l a t e  a l l  of t h e  requi red  d i f f u s i o n  c o e f f i c i e n t s .  

The s u r f a c e  reg ion  thus  
0 

Since no t o t a l  

However, 

Since f i v e  gases  

2 2  

For n > 2, t h e  q u a n t i t i e s  D i j  and Dj i  are not  i n  g e n e r a l  

~ 

An a l t e r n a t i v e  mathematical  d e s c r i p t i o n  is a v a i l a b l e  which cons iderably  

s i m p l i f i e s  t h e  multicomponent d i f f u s i o n  process .  It is convenient t o  d e f i n e  

an e f f e c t i v e  b ina ry  d i f f u s i v i t y  Dim f o r  t h e  d i f f u s i o n  of t h e  ith gas i n  a 

mixture .  The multicomponent d i f f u s i o n  problem is  thereby reduced t o  a b ina ry  

d i f f u s i o n  problem which assumes t h a t  any one gas  component d i f f u s e s  i n t o  t h e  

remaining gas  mixture  as i f  t h e  mixture were a s i n g l e  component. Bi rd ,  S t e w a r t ,  

and L igh t foo t  ( 3 )  po in t  out  t h a t  f o r  some s p e c i a l  k inds  of d i f f u s i n g  systems 

t h e  express ion  f o r  D becomes p a r t i c u l a r l y  s imple,  namely: i m  

Case a - For trace components 2 ,3 ,  ... n i n  nea r ly  pure s p e c i e s  1, Dim = Dil 

Case b - For systems i n  which a l l  t h e  Dij  are t h e  same, D 
= Dij  i m  

*It is  assumed h e r e  t h a t  any temperature g rad ien t  which exists is s m a l l  s i n c e  
equa t ion  3 i s  s t r i c t l y  v a l i d  only f o r  a ze ro  temperature  g rad ien t .  
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It w i l l  be  shown i n  t h e  next  chapter ,  when s p e c i f i c  va lues  of d i f f u s i o n  

c o e f f i c i e n t s  are considered,  t h a t  a l l  t h e  Dij should b e  approximately t h e  same 1 
f o r  gas  d i f f u s i o n  i n  t h e  Mars s o i l .  

v a l i d  f o r  t h i s  s tudy t o  l e t  Dim e q u a l  D . . .  

t h i s  approach t o  so lv ing  multicomponent problems seems t o  g ive  good r e s u l t s  f o r  

c a l c u l a t i n g  mass t r a n s f e r  rates but a less s a t i s f a c t o r y  q u a n t i t a t i v e  descr ip-  

t i o n  of concent ra t ion  p r o f i l e s .  I n  t h e  absence of any a l t e r n a t i v e  procedure,  

t h e  Dim approximation has  been used i n  t h i s  s tudy  t o  p r e d i c t  t h e  concent ra t ion  

p r o f i l e s  of t h e  exhaust gases  i n  the Mars s o i l .  

Therefore ,  according t o  case  b i t  w i l l  b e  
0 

It is a l s o  pointed out  (1) t h a t  
1J 

Combining t h e  conserva t ion  equat ion,  equat ion  1 and equat ion  3 w r i t t e n  

f o r  t h e  ith gas  i n  a mixture  m one ob ta ins  

2 
Dim V ci L_- aci - 

a t  

where c i s  t h e  mass f r a c t i o n  p , / p .  

Solu t ions  t o  equat ion 12 r ep resen t  t h e  des i r ed  concen t r a t ion  p r o f i l e s  i n  t h e  

Mars s o i l .  These s o l u t i o n s ,  u t i l i z i n g  proper va lues  of D i n  conjunct ion 

w i t h  i n i t i a l  condi t ions  and boundary condi t ions  f o r  t h e  mass f r a c t i o n s  cisare 

presented  i n  Sec t ion  3.2.3. 

i 1 

i m  

Equation 12 may be  modified t o  account f o r  adsorp t ion  and desorp t ion  of 

t h e  ith gas by the  s o i l .  

f o r  t h e  equat ions 

An approximate s o l u t i o n  i s  presented  i n  Sec t ion  3.2.4 

2 ac a c  

a t  (13) 
- -  i - i - A c  

- D i m  2 + Ad ‘di c i ax 

- A  c d i  ac 
- =  a t  ‘c ‘i d d 

where c d i  
rate of deso rp t ion ,  ( A c  c . )  is  t h e  rate of adsorp t ion .  

term ( A d  cdi - A 

equa t ion  1. 

gas flow i n t o  t h e  Mars s o i l ,  r has  been assumed ze ro  because chemical r e a c t i o n s  

g e n e r a l l y  do not  appear probable.  

r e p r e s e n t s  t h e  q u a n t i t y  of ith adsorbed c o n s t i t u e n t ,  ( A d  cdi) is t h e  

Note t h a t  t h e  combined 

c . )  is  a c t u a l l y  a chemical r e a c t i o n  term r such as i n  
1 

c 1  
I n  t h i s  present  s ec t ion  on the development of equztizns gzverning 
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3.  TEMPERATURE PROFILES AND EXHAUST GAS 
CONCENTRATIONS WITHIN THE MARS SOIL 

0 
3 . 1  Designat ion of t h e  Near F ie ld  and Far  F ie ld  Regions on t h e  Mars Surface  

D i f f e r e n t i a l  equat ions have been e s t a b l i s h e d  which govern t h e  h e a t  flow 

and exhaust  gas flow i n t o  t h e  Mars s o i l .  These equat ions ,  however, do no t  

d e s c r i b e  t h e  gas flow f i e l d  above t h e  s o i l  su r f ace .  The problem of exhaust 

gases  i s s u i n g  from a rocket  engine,  spreading over t h e  Mars s u r f a c e  and i n t e r -  

a c t i n g  wi th  t h e  low p res su re  atmosphere i s  a complex compressible flow gas 

dynamics phenomenon. 

i n  t h i s  r e p o r t .  Experimental and a n a l y t i c a l  e f f o r t s  i n  t h i s  area are p r e s e n t l y  

being supported by Jet Propuls ion Laboratory,  bu t  f i n a l  r e s u l t s  are not  y e t  

completely ava i l ab le .  The gene ra l  n a t u r e  of t h e  exhaust flow f i e l d  i n t e r a c t i o n  

wi th  t h e  s o i l  s u r f a c e  is known, however. Since t h i s  above s u r f a c e  flow f i e l d  

i s  extremely important from t h e  s tandpoin t  of determining proper  i n i t i a l  condi- 

t i o n s  and boundary condi t ions  necessary f o r  t h e  s o l u t i o n  of t h e  equat ions 

governing t h e  h e a t  and gas flow beneath t h e  s o i l  s u r f a c e ,  some gene ra l  a spec t s  

of t h i s  flow f i e l d  w i l l  now be  considered. 

A s tudy  of the above s u r f a c e  flow f i e l d  is  no t  included 

Figure  1 i s  a ske tch  of t h e  expected flow f i e l d  a t  some i n s t a n t  of t i m e  

f o r  a v e r t i c a l l y  descending rocket  engine.  

and ' ' far  f i e l d "  reg ions  i s  of p a r t i c u l a r  s i g n i f i c a n c e ,  The near  f i e l d  i s  t h a t  

r e g i o n  where t h e  s u r f a c e  p re s su re ,  s t a t i c  p res su re  p lus  t h e  dynamic p res su re  

component normal t o  t h e  p lane  of the s u r f a c e ,  i s  s i g n i f i c a n t l y  above t h e  

ambient atmospheric pressure .  Hutton's work (2)  i n d i c a t e s  t h a t  t h e  near  f i e l d  

ex tends  from t h e  s u r f a c e  s t agna t ion  po in t  (denoted as S.P. i n  F igure  1) out  

t o  a m a x i m u m  r ad ius  of approximately ten t i m e s  t h e  nozzle  ex i t  r ad ius  r *. 
Beyond a r ad ius  of 10 re, t h e  su r face  i s  exposed t o  a r a d i a l  flow of exhaust 

gases  which have expanded t o  approximately t h e  ambient atmosphere p re s su re .  

I n  t h e  f a r  f i e l d  reg ion  the  exhaust gases  mix wi th  t h e  atmospheric gases  u n t i l  

a t  some d i s t a n c e  e s s e n t i a l l y  no exhaust gases  contac t  (and contaminate) t h e  

Mars s o i l  su r f ace .  No a n a l y t i c a l  p red ic t ions  have been made as t o  what t h i s  

d i s t a n c e  may be. However, Cox and Abbot (5) have experimented wi th  a gas  

The des igna t ion  of "near f i e l d "  

e 

*The e x t e n t  of t h e  nea r  f i e l d  depends on t h e  he igh t  of t h e  engine a t  t h e  i n s t a n t  
of  t i m e  under cons idera t ion .  
r e g i o n  occurs  a t  t h e  minimum engine cut-off he igh t  of 5 f t  ( 2 ) .  

The maximum r a d i u s  of 10 re f o r  t h e  near  f i e l d  0 
- 12 - 



ambient p re s su re  

Mars S o i l  

Figure 1 General f e a t u r e s  of t h e  above-surface flow f i e l d  

stream d i r e c t e d  onto a h o r i z o n t a l  s u r f a c e  and determined t h a t  even tua l ly ,  as 

t h e  r a d i a l  flow slowed a t  l a r g e  disqances from t h e  s t a g n a t i o n  p o i n t ,  t h e  

buoyant fo rces  caused t h e  s t i l l  warm flow stream t o  sepa ra t e  and r i se  from t h e  

su r face .  

v e l o c i t y ,  gas  temperature ,  and nozzle he igh t  w a s  va r i ed .  

i n  nondimensional q u a n t i t i e s .  Their experimental  v a r i a b l e s ,  and t h e  range,  

were: nozz le  diameters  - 1 and 2 inches ;  exit  v e l o c i t i e s  - 50 t o  1350 f t / s e c ;  

e x i t  temperatures  - ambient t o  265OC; r a t i o s  of nozz le  diameter t o  t h e  he igh t  

above t h e  s u r f a c e  - 1 t o  36. 

atmosphere pressure .  Therefore .cons ider ing  the  range of v a r i a b l e s ,  i t  is 

obviously ques t ionab le  t h a t  an ex t r apo la t ion  of Cox and Abbot's curves  w i l l  

a l low a reasonable  p r e d i c t i o n  of the s e p a r a t i o n  d i s t a n c e  of t h e  exhaust  gases  

f lowing ac ross  t h e  Mars su r face .  However, t he  e x t r a p o l a t i o n  requi red  l i t t l e  

e f f o r t ,  and us ing  t h e  s p a c e c r a f t  propuls ion system parameters ( temperature  

and v e l o c i t y )  from Hut ton ' s  r epor t  (2)  along wi th  a Mars atmospheric p re s su re  

of 

s e p r a t i c n  d i s t m z e  cf 450 ft m i n i m u m  from t h e  stagnation po in t  w a s  ob ta ined .  

Due t o  t h e  b o r d e r l i n e  n a t u r e  of the  e x t r a p o l a t i o n  necessary t o  a r r i v e  at t h i s  

d i s t a n c e ,  one should not  be pr imari ly  concerned wi th  t h e  exac t  f i g u r e  of 450 f t ,  

bu t  only w i t h  t h e  o rde r  of magnitude. Thus, on t h i s  b a s i s  one may conclude t h a t  

They obta ined  good agreement f o r  t h e  s e p a r a t i o n  d i s t a n c e  as t h e  gas  

The d a t a  i s  p l o t t e d  

The experiments were conducted i n  a i r  a t  one 

Earth atmospheres and a value of g r a v i t y  of 0.38 t h a t  on Ear th ,  a 

t h e  f a r  f i e l d  area f o r  t h i s  p a r t i c u l a r  problem most l i k e l y  extends beyond 10 2 f t  0 
from t h e  s t a g n a t i o n  p o i n t .  

- 13 - 



3 . 2  
I 

Near F i e l d  Analysis 

The exhaust gas  flow i n  t h e  s o i l  of t h e  two reg ions  (near  f i e l d  and f a r  

f i e l d )  w i l l  be  governed by d i f f e r e n t  equat ions.  

i n  t h e  nea r  f i e l d  w i l l  b e  s i g n i f i c a n t l y  above t h e  atmospheric pressure* ( t h e  

gases  i n i t i a l l y  i n  t h e  pores  of the s o i l  w i l l ,  of course ,  b e  a t  t h e  atmospheric 

p re s su re ) .  

of exhaust gases  w i l l  occur f i r s t  i n t o  t h e  s o i l  and then  out  of t h e  s o i l  a f t e r  

engine shut-down. Darcy's l a w  must b e  u t i l i z e d  t o  d e s c r i b e  such f low,  and f o r  

i so thermal  permeation equat ion  11, 

The m a x i m u m  s u r f a c e  p re s su re  

With a t o t a l  p re s su re  g rad ien t  imposed upon t h e  s o i l ,  a bulk  flow 

desc r ibes  t h e  flaw. Isothermal  flow, except very nea r  t h e  s o i l  s u r f a c e ,  is  a 

good assumption as w i l l  be  seen  after temperature  p r o f i l e s  are considered.  

Equation 11 is  a non l inea r  d i f f e r e n t i a l  equat ion  f o r  which no gene ra l  s o l u t i o n  

e x i s t s .  

i n i t i a l  and boundary condi t ions)  by t h e  method of s i m i l a r i t y .  

employs t ransformat ions  t h a t  reduce a p a r t i a l  d i f f e r e n t i a l  equat ion t o  an 

o rd ina ry  d i f f e r e n t i a l  equat ion  f o r  which a s o l u t i o n  would have been very d i f f i -  

c u l t  t o  ob ta in .  

t a i n e d  by JPL, it  was a n t i c i p a t e d  t h a t  excess ive  t i m e  would have been involved 

i n  ob ta in ing  and running t h e  program f o r  t h i s  problem. The near  f i e l d  s u r f a c e  

i s  sub jec t ed  t o  p re s su res  which vary r ap id ly  wi th  t i m e  and r a d i a l  d i s t a n c e  from 

t h e  s t a g n a t i o n  p o i n t ,  and such boundary condi t ions  o f t e n  r e s u l t  i n  d i f f i c u l t  

computer s o l u t i o n s .  Moreover, information concerning exhaust  gas  flow i n t o  t h e  

s o i l  of t h e  near  f i e l d  is no t  of major importance. That i s ,  t h e  spacec ra f t  

ins t ruments  w i l l  n o t  l i k e l y  b e  i n s t r u c t e d  t o  sample and analyze s o i l  from t h e  

near f i e l d  i n  o rde r  t o  determine t h e  p r o p e r t i e s  of v i r g i n  Mars s o i l .  Therefore ,  

i n  t h e  l i g h t  of t h e  above f a c t s ,  i t  w a s  agreed t o  by JPL t h a t  t h i s  s tudy  need 

n o t  i nc lude  an a n a l y s i s  of t h e  flow process  i n  t h e  near  f i e l d .  

An unsuccessfu l  a t t e m p t  was made t o  s o l v e  t h e  equat ion  (with s i m p l i f i e d  

This method 

Even though a computer program t o  s o l v e  equat ion  11 is main- 
0 

*Hutton's r e s u l t s  (2) show t h a t  a t  a nozz le  he igh t  of 5 f t  t h e  s u r f a c e  p re s su re  
a t  t h e  s t a g n a t i o n  p o i n t  i s  approximately fou r  t i m e s  t h e  atmospheric p re s su re  
and at 5 re from t h e  s t a g n a t i o n  point  t h e  s u r f a c e  p re s su re  i s  approximately 
t w i c e  t h e  atmospheric pressure .  
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3.3  Fa r  F i e ld  Analysis  

3.3.1 Boundary and I n i t i a l  Conditions f o r  Gas Flow 

The f a r  f i e l d  s u r f a c e  r eg ion  is sub jec t ed  t o  a n e g l i g i b l e  change ( r e l a t i v e  

t o  atmospheric pressure)  i n  t o t a l  p re s su re  by t h e  r a d i a l l y  flowing 

exhaust  gases.  

t h e  atmospheric gases  i n i t i a l l y  present  because concent ra t ion  g r a d i e n t s  are 

e s t a b l i s h e d  and d i f f u s i o n  c u r r e n t s  set up. 

component d i f f u s i o n  ( t h e  d i f f u s i o n  process  i n  t h e  f a r  f i e l d )  must be  s i m p l i f i e d  

t o  t h e  b inary  d i f f u s i o n  case before  t h e  equat ions can b e  handled. Equation 12 

u t i l i z i n g  t h e  D s i m p l i f i c a t i o n  is t h e r e f o r e  t h e  b e s t  mathematical  express ion  

t o  use  t o  desc r ibe  the  gas  d i f f u s i o n  i n  t h e  s o i l  of t h e  f a r  f i e l d .  

However, exhaust  gases tend t o  flow i n t o  t h e  s o i l  and d i s p l a c e  

As expla ined  i n  Chapter 2 ,  mult i -  

. i m  

A degree of exhaust gas mixing wi th  t h e  atmospheric gases  t akes  p l ace ,  as 

previous ly  d iscussed ,  as t h e  exhaust flow proceeds r a d i a l l y  outwards, and 

s e p a r a t i o n  from t h e  s u r f a c e  due t o  buoyant fo rces  may occur a t  some rad ius .  

This  mixing of t h e  exhaust gases  with t h e  atmospheric gases  should no t  cause 

t h e  concent ra t ions  of t h e  c o n s t i t u e n t s  of t h e  exhaust  gases  t o  vary  r a p i d l y  

wi th  r ad ius  from t h e  s t a g n a t i o n  poin t ,  This being t h e  case, t h e  term on t h e  

r i g h t  hand s i d e  of equat ion 1 2  which accounts f o r  a r a d i a l  v a r i a t i o n  of ci may 

a [ r ( a c i / a r ) l  be neg lec t ed  (when expanded V ci includes t h e  neglec ted  term -- r ar 
and t h e  term [ l / r  ] [ a  c./a8 3 which is  zero due t o  t h e  axisymmetric na tu re  of 

t h e  f low).  Equation 1 2  t h e r e f o r e  reduces t o  t h e  one-dimensional form, 

2 

2 2  2 

0 
1 

2 
aci a ci 

a t  
- -  - 

- D i m  2 ax 

where x is  t h e  d i s t a n c e  from t h e  plane of t h e  s u r f a c e  i n t o  t h e  s o i l .  

Exhaust Gas Flow - -- S o i l  Surface 

X 

F igure  2 The Mars S o i l  - A Semi- inf in i te  Model 
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Boundary condi t ions  and i n i t i a l  condi t ions  f o r  t h e  concent ra t ion  c must i 
be s p e c i f i e d  be fo re  equat ion  15 can b e  solved.  The i n i t i a l  cond i t ion  is  simply 

c = 0 a t  t = 0 f o r  x > 0 where c denotes  t h e  exhaust gas  concen t r a t ion  w i t h i n  

t h e  s o i l  and t = 0 is  t h e  t i m e  a t  which t h e  exhaust  gases  i n i t i a l l y  come i n t o  
i i 

contac t  wi th  t h e  su r face .  

Boundary condi t ions  ( i . e .  su r f ace  condi t ions  as a func t ion  of t i m e )  are a 

l i t t l e  more d i f f i c u l t  t o  s p e c i f y  s i n c e  t h e  exac t  d e t a i l s  of t h e  exhaust  gas  

flow f i e l d  are unknown. However, cons ide ra t ion  of t h e  modes of descent  of t h e  

s y a c e c r a f t  w i l l  assist i n  spec i fy ing  approxi,rate boundary cond i t ions .  According 

t o  t h e  work s ta tement  of t h e  c o n t r a c t ,  two descent  modes each wi th  two engine 

cut-off he igh t s  are t o  be  considered: (1) a v e r t i c a l  descent  case ( s t a t i o n a r y  

s u r f a c e  s t agna t ion  p o i n t )  wi th  engine cu t -of fs  a t  (a )  f i v e  f e e t ,  and (b)  twelve 

f e e t ,  (2)  a s lan t  descent  case such t h a t  t h e  s u r f a c e  s t a g n a t i o n  p o i n t  moves a t  

a cons tan t  v e l o c i t y  of f i v e  f e e t  per second and, aga in ,  engine cu t -of fs  a t  

(a )  f i v e  f e e t ,  and (b) twelve f e e t .  During t h e  e a r l y  phases of t h e  work on t h i s  

c o n t r a c t ,  JPL i n s t r u c t e d  t h a t  f o r t y  f e e t *  be  used as t h e  he igh t  of t h e  space- 

c r a f t  when t h e  exhaust  gases  first con tac t  t h e  Mars s u r f a c e ,  and t h a t  a v e r t i c a l  

descent  v e l o c i t y  of f i v e  f e e t  p e r  second be  used f o r  both the  ver t ica l  descent  

mode and t h e  s l a n t  descent  mode. 

For a v e r t i c a l l y  descending s p a c e c r a f t ,  t h e  exhaust gas concen t r a t ion  a t  

0 
some p o i n t  on t h e  s u r f a c e  of the f a r  region can be approximated as shown i n  

F igure  3 where t = 0 corresponds t o  t h e  t i m e  a t  which t h e  s p a c e c r a f t  reaches  

a f o r t y  f o o t  he igh t  i n  i t s  descent ,  and tl corresponds t o  t h e  t i m e  a t  which t h e  

engine cut-off he igh t  is reached. 

Exhaust cs 
Gas 

Concentrat  i o n  

t-0 

F igure  3 Rectangular Wave Boundary Condition Approximation 

*At  f o r t y  f e e t ,  t h e  spacec ra f t  descent t r a j e c t o r y  i s  such t h a t  t h e  v e h i c l e  
a 

should  b e  i n  a v e r t i c a l  o r i e n t a t i o n .  That i s ,  t h e  engine exhaust w i l l  be  
d i r e c t e d  v e r t i c a l l y  downward from t h a t  h e i g h t  down. 
d e s c r i p t i o n  f o r  both t h e  v e r t i c a l  descent  mode and t h e  s l a n t  descent  mode. 

This is the  approximate 
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Other approximate boundary condi t ions which r e f l e c t  t h e  more probable  

gradual  changes i n  t h e  exhaust gas concent ra t ion  a t  a gene ra l  p o i n t  i n  t h e  

f a r  f i e l d  are ind ica t ed  i n  Figures  4 and 5. 

Exh aus t I 
t = o  

Figure 4 Saw-Tooth Wave Boundary Condition Approximation 

A 

Exhaust 
Gas 

Concentrat ion 0 

t=o  t = n  t (I+) o n  

Figure  5 Tr iangular  Wave Boundary Condition Approximation 

T i m e s  t = 0 and t = t correspond t o  t h e  f o r t y  f o o t  he ight  t i m e  and t h e  engine 

c u t - o f f  t i m e ,  r e spec t ive ly .  Solu t ions  of e q u a t i o n 1 5  f o r  t h e  boundary condi t ions  

above w i l l  fo l low a f t e r  a d iscuss ion  on t h e  numerical  va lues  of t h e  t r a n s p o r t  

c o e f f i c i e n t s .  

1 

The boundary condi t ions  f o r  the s p a c e c r a f t  s l a n t  descent  mode d i f f e r  from 
tl- ~ o s e  f o r  the vertical descerit modc. Since t h e  stagzaticz -,eint meves a l m g  

t h e  s u r f a c e  a t  f i v e  f e e t  p e r  second f o r  t h e  du ra t ion  of t h e  flow, a po in t  i n i -  

t i a l l y  i n  the  f a r  f i e l d  region ( i . e .  a t  t h e  t i m e  t h e  spacec ra f t  is  a t  t h e  f o r t y  

f o o t  he igh t )  may experience t h e  near f i e l d  condi t ion  of t o t a l  p re s su re  i n c r e a s e  

b e f o r e  the  engine c u t s  o f f .  Figure 6 i n d i c a t e s  t h e  p re s su re  versus  t i m e  f o r  a 

p o i n t ,  i n i t i a l l y  i n  t h e  f a r  f i e l d  reg ion ,  which t h e  Spacecraf t  passes  d i r e c t l y  

- 1 7  - over  e 



I .  

T o t a l  
P res su re  

PO 
I i 
I I 
! I 
I ! 
I 

1 

t=o  t '  t 

Figure 6 S lan t  Descenc Boundary C o n d i t i m  for a Po in t  
I n i t i a l l y  i n  t h e  Far  F i e l d  

The p res su re  p denotes  t h e  ambient atmospheric p re s su re ,  and as explained 

p rev ious ly  t h e  exhaust gases  i n  t h e  far  f i e l d  have e s s e n t i a l l y  expanded t o  

t h e  p re s su re  p . Therefore ,  t h e  su r face  po in t  r e f e r r e d  t o  i n  Figure 6 i s  

sub jec t ed  t o  exhaust gases  a t  pressure  p from t = 0 t o  t = t ' .  Then, f o r  

t h e  t i m e  t h a t  i t  takes  t h e  s t agna t ion  po in t  t o  traverse a d i s t a n c e  of 20 r 

( t h e  approximate nea r  f i e l d  diameter) ,  t h e  poine i s  subjec ted  t o  t h e  r a p i d l y  

changing near f i e l d  p re s su res ,  During t h e  near  f i e l d  per iod  ( t ' l  - t ' )  t h e  

gas  flow i n t o  the  s o i l  must be descr ibed by equat ion  11, t h e  nonl inear  

d i f f e r e n t i a l  equat ion  r equ i r ing  a computer s o l u t i o n .  

p o i n t  i s  exposed t o  t h e  near  f i e l d  p re s su re  i s ,  however, s m a l l  compared t o  

t h e  t o t a l  exposure t i m e  t 

mately 1.6 sec (20 re, where r 
'L5,e -... 
cut-off h e i g h t ,  

s p a c e c r a f t  passes  d i r e c t l y  over  t h e  po in t  i n  ques t ion .  I f  t h e  descent  p a t h  

(shown i n  t h e  i n s e r t  of Figure 6 )  i s  away from i n s t e a d  of toward t h e  p o i n t ,  

t hen  obviously the  p o i n t  w i l l  experience only a shortened f a r  f i e l d  exposure 

per iod .  

0 

0 

0 

e 

The t t m e  which t h e  

This nea r  f i e l d  pe r iod  (t" - t ' )  is  approxi- 1' 
= 0.389 f t ,  d iv ided  by 5 f t l s e c )  whereas e 

of c is 5.6 fo r  a 12 ft cl;t-off hrr4-ht  or 9 I . V  fl -_- C..- IvI a 5 ft 
11SA5jllC 3 '1 

The n e a r  f i e l d  t i m e  per iod  of 1,6 see app l i e s  only i f  t h e  

0 
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Since a boundary condi t ion  such as Figure 6 r e s u l t s  i n  bo th  d i f f u s i o n  and 

bulk  gas flow i n t o  t h e  s o i l ,  t h e  flow phenomena i s  more d i f f i c u l t  t o  analyze 

than  bulk  flow (Darcy l a w  flow) alone. 

as previous ly  noted,  because of the computer requirement and a l s o  because of t h e  

u n c e r t a i n t i e s  concerning t h e  su r face  p re s su re  d i s t r i b u t i o n  i n  t h e  near  f i e l d .  

Therefore ,  gas  flow i n t o  t h e  s o i l  r e s u l t i n g  from a boundary cond i t ion  such as 

Figure 6 is  a l s o  not  analyzed. 

e Bulk flow is not  analyzed i n  t h i s  r e p o r t ,  

3 . 3 . 2  Boundary and I n i t i a l  Conditions f o r  Heat Flow 

The reasoning t h a t  l e d  t o  t h e  s i m p l i f i c a t i o n  of t h e  gas d i f f u s i o n  equat ion  

t o  a one-dimensional form ( f o e .  a func t ion  of only depth i n t o  t h e  s o i l  and not  

r a d i a l  d i s t ance )  a l s o  a p p l i e s  t o  the h e a t  t r a n s f e r  equat ion ,  equat ion  7. One 

t h e r e f o r e  ob ta ins  
n 

a T  a 'T - = a -  
2 a t  ax 

where a = k/pep. 

a p rope r ty  of t h e  material, i n  t h i s  case, t h e  Mars s o i l .  

The parameter a is known as t h e  thermal d i f f u s i v i t y  and is  

To o b t a i n  a s o l u t i o n  t o  equat ion 16,  one must s p e c i f y  boundary and i n i t i a l  

cond i t ions  f o r  t h e  temperature.  The most reasonable  i n i t i a l  condi t ion  appears 

t o  b e  T = T i s  assumed a cons tan t  independent of 

depth ,  t = 0 is the  t i m e  h o t  rocket gases  begin t o  con tac t  t h e  s u r f a c e ,  and 

x -, 0 denotes  t h e  reg ion  beneath the s o i l  su r f ace .  Boundary condi t ions  similar 

t o  those  f o r  t h e  exhaust gas concent ra t ion  can be  app l i ed  (Figure 3 ,  4 ,  5) .  

However, t h e  magnitudes ( i . e .  amplitudes of t h e  curves of Figures  3 ,  4 ,  5) are 

n o t  known. If no hea t  were conducted i n t o  the  s o i l  ( t h a t  i s ,  i f  an a d i a b a t i c  

w a l l  w e r e  assumed), one could then c a l c u l a t e  t h e  s teady  s t a t e  s u r f a c e  tempera- 

t u r e  by compressible gas flow theory.  However, i t  i s  i n c o n s i s t e n t  t o  f i r s t  

assume an a d i a b a t i c  s u r f a c e  i n  order  t o  c a l c u l a t e  t h e  s u r f a c e  temperature  and 

then  t o  use  t h i s  temperature as a boundary condi t ion  c o n t r o l l i n g  t h e  flow of 

h e a t  i n t o  t h e  s o i l .  Solu t ions  t o  equat ion 16 w i l l  b e  obtained f o r  unspec i f ied  

magnitudes of s u r f a c e  temperature  but  wi th  t i m e  r e l a t i o n s h i p s  as g iven  i n  

F igures  3 ,  4 ,  and 5, 

a t  t = 0 f o r  x .> 0 ,  where T 
0 0 

3 . 3 . 3  Values of t h e  Transport  Parameters 

Numerical va lues  of t h e  thermal d i f f u s i v i t y  and t h e  d i f f u s i o n  c o e f f i c i e n t s  

are repor t ed  i n  t h i s  s ec t ion .  F i r s t  cons ider  t h e  thermal  d i f f u s i v i t y  a which 

appears  i n  a l l  s o l u t i o n s  of t h e  t r a n s i e n t  h e a t  conduction equat ion.  An e f f o r t  
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w a s  made, via a sea rch  of t h e  l i t e r a t u r e ,  t o  o b t a i n  a proper  numerical  va lue  

of a f o r  t h e  Mars s o i l  model*. 

s o i l  c o n s t i t u e n t s ,  b u t  from a cons idera t ion  of t h e  range of va lues  of a f o r  

Earth s o i l s  a t  low i n t e r s t i t i a l  gas p re s su re ,  a p r e d i c t i o n  of t h e  va lue  of a 

f o r  t h e  Mars s o i l  model w a s  a r r ived  a t .  

The sea rch  y i e lded  no d a t a  f o r  t h e  exac t  Mars 0 

Values of a are seldom repor ted  i n  t h e  l i t e r a t u r e ,  b u t  va lues  of k, p ,  

and c are o f t e n  given. Therefore ,  from t h e  d e f i n i t i o n  of a ( a  = k / p c ) ,  va lues  

of a can e a s i l y  b e  c a l c u l a t e d ,  Experimentally determined va lues  of k ,  p ,  and 

c are of priinary i n t e r e s t .  

determine t h e  thermal  conduct iv i ty  of a porous medium i f  t h e  c o n d u c t i v i t i e s  of 

t h e  s o l i d  phase and t h e  f l u i d  phase ( t h e  gas  o r  l i q u i d  w i t h i n  t h e  i n s t i t i a l  pores)  

are known. However, a d i f f i c u l t y  arises i n  t h e  assignment of t h e  proper  va lue  

t o  ks ,  t h e  conduct iv i ty  of t h e  s o l i d  component. 

f l u i d  s a t u r a n t s  of i n t e r e s t  are wel l  known, b u t  t h e r e  is  some doubt as t o  t h e  

conduc t iv i ty  a t t r i b u t a b l e  t o  t h e  s o l i d  component. 

t h a t  t h e  v a r i a t i o n  of d a t a  f o r  any p a r t i c u l a r  rock type  is  almost as g r e a t  as 

t h a t  between d i f f e r e n t  m a t e r i a l s .  

emperical  express ions ,  i t  is  b e s t  t o  use d i r e c t  experimental  d a t a .  

Several  equat ions  have been proposed t o  a n a l y t i c a l l y  

The c o n d u c t i v i t i e s  k of a l l  t h e  f 

Wechsler and Glaser (6) n o t e  

In view of t h e  unce r t a in ty  inhe ren t  i n  t h e s e  

Of t h e  t h r e e  parameters ,  k ,  p ,  and c,  needed t o  c a l c u l a t e  t h e  thermal  

d i f f u s i v i t y ,  k v a r i e s  over  t h e  w i d e s t  range. The s o i l  composition, temperature ,  

and t h e  gas  p re s su re  w i t h i n  t h e  pores a f f e c t  t h e  va lue  of k. 

only a s m a l l  effect  on t h e  va lue  of k. Woodside and Messmer (7)  r e p o r t  t h e  

va lues  of k f o r  unconsol idated sands as t h e  pore gas  p re s su re  is decreased.  The 

thermal  conduct iv i ty  of qua r t z  sand, po ros i ty  of 59%, p a r t i c l e  s i z e  0.104-0.074 mm, 

is g iven  a t  p re s su res  from one atm t o  10 a t m .  A t  an a i r  p re s su re  of 10 a t m  

(approximate Martian Atm.  p ressure)  t h e  va lue  of k i s  approximately 2 x 

sec C. This  sand ,  wi th  t h e  exception of t h e  chemical composition, most c l o s e l y  

matches t h e  J P L  s p e c i f i e d  s o i l  model (po ros i ty  of 50%, p a r t i c l e  s i z e  0.050 mm). 

Therefore ,  2 x 10 

conduc t iv i ty  t o  be used i n  c a l c u l a t i n g  a .  

Temperature has  

-4 -2 

cal/cm 

-4 cal/cm s e c  C appears t o  be  t h e  proper  va lue  of t h e  thermal 

*Based on r ecen t  observa t ions  of the luna r  s o i l ,  JPL s p e c i f i e d  i n  Technical  
D i r e c t i o n  Memorandum No. 2 t h a t  the fol lowing minera ls  be used as t h e  Mars 
s o i l  model: 
17.03%, Hyperstene - 20.55%, o ther  - 7.5%, a l l  percentages by weight.  
a p o r o s i t y  of 50% and a n  average p a r t i c l e  s i z e  of 0.050 mm. 

Quar t z  - 6.78%, Alb i t e  - 22.53%, Anor th i te  - 25.62%, Diopside - 
Assume 
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The va lues  of p and c do n o t  vary cons iderably  from one s o i l  type t o  

another ,  no r  is t h e r e  a l a r g e  v a r i a t i o n  w i t h  temperature  and pore gas  p re s su re .  

Values of 1 gm/cm 

types .  Using t h e  va lues  above f o r  k, p ,  and c, t h e  thermal  d i f f u s i v i t y  is  

found t o  be  equal  t o  

va lue  f o r  t h e  Mars s o i l .  
2 2 

3 f o r  p and 0.2 cal/gm C f o r  c are appropr i a t e  f o r  most s o i l  
0 

~ 

2 cm /sec. 

However, i t  is p o s s i b l e  t h a t  a may range from 

cm /sec due pr imar i ly  t o  t h e  f a c t  t h a t  k can vary over  

One should des igna te  t h i s  as t h e  expected 

cm /sec t o  

two o rde r s  of magnitude as the  soil composition and gas  p re s su re  vary  over  

p c s s i b l e  racges.  

Numerical va lues  must now b e  s p e c i f i e d  f o r  D t h e  d i f f u s i o n  c o e f f i c i e n t  i m ’  
t h a t  appears  i n  equat ion  15 ( t h e  governing express ion  f o r  t h e  d i s t r i b u t i o n  of 

exhaust  gases  i n  t h e  s o i l ) .  F i r s t ,  cons ider  t h e  va lues  of d i f f u s i o n  coe f f i -  

cients f o r  two component gas mixtures i n  t h e  absence of a porous medium. 

Table 1 (compiled from d a t a  i n  re ferences  3 and 8) and t h e  accompanying 

equat ion  (8) al lows one t o  c a l c u l a t e  t h e  d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  i n d i -  

ca t ed  gases  a t  va r ious  temperatures and p res su res  ( r e s t r i c t e d  t o  the  low 

d e n s i t y  regime). 

Table 1 Examples of Binary Dif fus ion  Coef f i c i en t s  

f o r  

H2 - N2 

O2 - N2 

co2 - o2 

co - co2 

H2 - A i r  

H20 - A i r  

C02 - A i r  

C02 - N2 

A r  - 0, 
L 

2 Do em /see 

0.674 

0.181 

0,611 

0.139 

0.22 

0.137 

0,138 

0.144 

0.20 

m 

1.75 

1.75 

1.75 

2.00 

1.75 

- 
- 

- 

- 

where T = 273 K 0 

0 
D = 

P = 1 Earth A t m  
0 
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0 A t  a temperature of 273 K and a pressure  of a t m  ( t h e  approximate condi t ions  

on t h e  su r face  of Mars), one obta ins  d i f f u s i o n  c o e f f i c i e n t s  of one hundred t i m e s  

those  values  l i s t e d  i n  Table 1 as D . Note t h a t  wi th  t h e  except ion of those  gas  

mixtures  one of which is H2, t h e  va lues  of t h e  d i f f u s i o n  c o e f f i c i e n t s  vary only 

over a small range - from 0.14 t o  0.22 c m  /sec, approximately. 

0 

2 

The gases  which w i l l  i n t e r d i f f u s e  i n  t h e  Mars s o i l  are the  exhaust gases  

and t h e ' g a s e s  comprising t h e  Mars atmosphere. 

t h e i r  mole f r a c t i o n s ,  which comprise t h e  engine exhaust mixture (as given i n  t h e  

con t r ac t ) .  The Mars atmosphere is composed p r imar i ly  of N2 with  a lesser amount 

of C02 - o r  such is t h e  opinion of most of those  dea l ing  wi th  t h e  sub jec t  of 

Mars i n  t h e  l i t e r a t u r e  ( f o r  example, re fe rence  9 and ve rba l  communication with 

Table 2 l ists  the  gases ,  and 

JPL) . 
Table 2 Exhaust Products 

I Mole F rac t ion  Exhaust Products 

co 

c02 

H2 

H2° 

N2 

0.05 

0.12 

0.26 

0.26 

0.31 

For t h e  exhaust gases  pa i red  with one another  o r  wi th  N 
of H2), t h e  d i f f u s i o n  c o e f f i c i e n t s  should be  wi th in  t h e  range of values  

prev ious ly  ex t r ac t ed  from Table 1, namely 0.14 t o  0.22 cm /sec. 

(with t h e  except ion 

2 

2 

I n  s e c t i o n  2.3 t h e  multicomponent d i f f u s i o n  process  w a s  s imp l i f i ed  t o  

a b inary  d i f f u s i o n  process  by the d e f i n i t i o n  of t h e  d i f f u s i o n  c o e f f i c i e n t  D 

It w a s  noted t h a t  i f  a l l  the  d i f fus ion  c o e f f i c i e n t s ,  Dij ,  f o r  t h e  var ious  p a i r s  

of gases  i n  t h e  multicomponent mixture are equal ,  then it i s  c o r r e c t  t o  set 

Now, t h e  binary d i f f u s i o n  c o e f f i c i e n t s  of t h e  gases  d i f f u s i n g  
i j  2 

Dim equal  t o  D 

i n  t h e  Mars s o i l  are expected t o  have va lues  i n  t h e  range 0.i4 t o  0.22 an /see; 

hence one may assume them equal  each wi th  t h e  common va lue  of 0.2 cm /sec a t  

one Ear th  atm o r  20.0 cm / sec  at Earth a t m  ( t h e  Mars atmospheric pressure  

is approximately 10 Earth atm.). 

2 

2 

-2 
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E s s e n t i a l l y  then,  by the  above argument, t h e  problem of multicomponent 

d i f f u s i o n  i n  t h e  Mars s o i l  has  been reduced t o  t h e  problem of exhaust gas 

( a  s i n g l e  component) d i f f u s i n g  i n t o  the  s o i l  i n i t i a l l y  conta in ing  atmospheric 

gases  ( a  s i n g l e  component, N ) within t h e  pores .  

reasonable  p red ic t ions  of the  exhaust gas  concent ra t ion  as a func t ion  of t i m e  

and depth i n t o  t h e  s o i l .  

s o i l  f a s t e r  than the  bulk of t he  exhaust gas s i n c e  t h e  b inary  d i f f u s i o n  coe f f i -  

c i e n t s  f o r  gas p a i r s ,  one of which is H 2 '  
d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  gases involved i n  t h i s  s tudy.  

follow t h a t  H w i l l  d i f f u s e  i n t o  t h e  s o i l  a t  a rate p ropor t iona l  t o  the  d i f fu -  

s i o n  c o e f f i c i e n t  of H i n t o  N 

and t o  t h e  assumption regarding the  e q u a l i t y  of d i f f u s i o n  c o e f f i c i e n t s  (which 

allowed t h e  Dim approach). 

This approach should y i e l d  2 

It i s  l i k e l y  however t h a t  H2 w i l l  d i f f u s e  i n t o  t h e  

is s e v e r a l  t i m e s  l a r g e r  than the  

It does no t  

2 
This  i s  due t o  t h e  presence of t h e  o ther  gases 2 2 '  

2 The "average" d i f f u s i o n  c o e f f i c i e n t  va lue  of 20 cm /sec r e f e r r e d  t o  

previously must f i r s t  be modified t o  account f o r  t h e  presence of t h e  s o i l  

be fo re  using it  i n  the  d i f f u s i o n  equat ion ,  equat ion 15. 

p r e s e n t ,  t h e  normal d i f f u s i o n  coe f f i c i en t  should be mul t ip l i ed  by t h e  f a c t o r  

E / T  where E i s  the  po ros i ty  and T i s  t h e  t o r t u o s i t y  f ac to r*  of t he  s o i l  (10). 

However, t he  l e f t  hand s i d e  o f  equation 15 should be mul t ip l i ed  by the  poros i ty  

E t o  account f o r  t h e  f r a c t i o n  of open volume. Since E now occurs on both s i d e s  

of t h e  equat ion,  one simply obta ins  

With a porous medium 

2 - -  ac a c  
a t  - D -  2 ax 

where D = D /T. 

concent ra t ion  of t h e  exhaust gas considered as one component, and D 
2 t h e  e f f e c t i v e  b inary  d i f f u s i o n  c o e f f i c i e n t ,  wi th  t h e  va lue  20 c m  /sec, f o r  t h e  

exhaust gas d i f f u s i n g  i n t o  t h e  l o w  p re s su re  Mars atmospheric gas  (considered 

as a s i n g l e  component). Division of D m 
t h e  s o i l ' s  presence.  

a l l  random-packed porous materials (11). Therefore,  f o r  d i f f u s i o n  i n  t h e  Mars 

The s u b s c r i p t s  on c and D have been de le t ed ;  c now denotes the  m 
denotes  m 

by t h e  t o r t u o s i t y  f a c t o r  accounts f o r  

The t o r t u o s i t y  f a c t o r  is approximately 1.5 f o r  nea r ly  

2 2 mil, !! equls (9 f311  \ - " I  .&.a, c \  ClE /set, cr 13.5 c!S / 6 2 C .  

*The s o i l  po ros i ty  E i s  def ined  as  t h e  r a t i o  of pore volume t o  t o t a l  volume. 
The t o r t u o s i t y  f a c t o r  i s  defined as t h e  r a t i o  of t he  a c t u a l  d i s t a n c e  t h e  
gas  traverses i n  d i f f u s i n g  from one po in t  t o  another  t o  t h e  s t r a i g h t  l i n e  
d i s t a n c e  between the  two poin ts  i n  the  porous medium. 
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A d i scuss ion  of t h e  value of t h e  d i f f u s i o n  c o e f f i c i e n t  w i l l  no t  b e  complete 

u n t i l  r a r e f i e d  gas d i f f u s i o n  i s  considered. Bas i ca l ly ,  t h r e e  d i f f u s i o n  regimes 

may be def ined:  (1) t h e  continuum r e g b e ,  (2)  a t r a n s i t i o n  regime, and (3) t h e  

r a r e f i e d  (Knudsen flow) regime. According t o  S c o t t  and Dull ien (10) continuum 

flow occurs f o r  r/A > 10,  where r i s  t h e  "average" pore r ad ius  and A is  t h e  mean 

f r e e  pa th  length  of t he  gas molecules, t h e  t r a n s i t i o n  regime is encountered f o r  

0 . 1  < (r/A) < 10, and Knudsen flow occurs  f o r  r/A < 0.1. These r/A ranges have 

no t  been thoroughly v e r i f i e d ,  and some disagreement e x i s t s  i n  t h e  l i t e r a t u r e .  

The r e l a t i o n s  expressing the d i f f u s i o n  c o e f f i c i e n t  as a func t ion  of tempera- 

t u r e ,  p re s su re ,  molecular weight, e tc . ,  d i f f e r  f o r  each of the  t h r e e  reg ions .  

For example, t h e  equat ion contained i n  Table 1 i s  v a l i d  only f o r  t he  low dens i ty  

continuum regime (pe r fec t  gas regime). The d i f f u s i o n  c o e f f i c i e n t  f o r  Knudsen 

f l a w  is approximately (2/3) rv f o r  porous materials where 7 is  t h e  average 

molecular  v e l o c i t y  (12).  Several  empi r i ca l  r e l a t i o n s  e x i s t  f o r  t h e  t r a n s i t i o n  

regime c o e f f i c i e n t .  For example, Rothfeld (13) obtained the  expression 

1 1  1 - -  - - + -  
DT DK DB 

DK, and D r e f e r  t o  the t r a n s i t i o n ,  Knudsen, and continuum d i f f u s i o n  T' B where D 

c o e f f i c i e n t s ,  r e spec t ive ly .  

With regards t o  exhaust gas d i f f u s i o n  i n  the  Mars s o i l ,  i t  appears t h a t  

t h e  d i f f u s i o n  mechanism may b e  in  t he  upper t r a n s i t i o n  regime. A t  a 10 m i l l i b a r  

p re s su re ,  t h e  t y p i c a l  exhaust gas molecule has a mean f r e e  path length  of 

approximately 10 microns. 

diameter  particles (JPL Technical D i rec t ion  Memorandum No. 2 spec i f i ed  a uniform 

50 micron p a r t i c l e  s i z e  f o r  t h e  s o i l  model) can not  be uniquely s p e c i f i e d ,  y e t  

t h e  pore s i z e  i s  obviously less than  t h e  p a r t i c l e  diameter.  Assuming a pore 

The pore s i z e  wi th in  a medium composed of 50 micron 

s i z e  of 10 microns,  

y i e l d s  a t r a n s i t i o n  

of 13.5 cm /sec f o r  

c o e f f i c i e n t  w i l l  be 

c o e f f i c i e n t  i t  is  a 

2 

and using proper va lues  of t he  o the r  parameters,  equat ion 18 

d i f f u s i o n  coe f f i c i en t  of approximately 10 cm /sec ( ins tead  

t h e  continuum regime). I n  conclusion,  the  continuum regime 

re t a ined  for  a p p l i c a t i o n  s i n c e  compared t o  t h e  t r a n s i t i o n  

worst  case," and s i n c e  e f f e c t i v e  pore s i z e  is  not  known. 

2 

11 
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3.3.4 S p e c i f i c  Solu t ions  t o  the  Heat Transfer  and Dif fus ion  Equations 

The equat ions f i n a l l y  a r r i v e d  a t  f o r  t h e  p r e d i c t i o n  of h e a t  t r a n s f e r  and 

gas d i f f u s i o n  i n t o  t h e  Mars s o i l ,  repeated below, are: 

a2T 
a t  

ac a c  

ax a t  

a- 2 
aT 
-I 

ax 

2 
- =  D- 2 

Best estimates of the  thermal d i f f u s i v i t y  a and t h e  e f f e c t i v e  b inary  d i f f u s i o n  

c o e f f i c i e n t  D were determined t o  be 

The boundary condi t ions  most l i k e l y  t o  be experienced f o r  t h e  v e r t i c a l  descent  

mode are suggested i n  Figures  3, 4, and 5. For the  s l a n t  descent mode a 

boundary condi t ion  arises, Figure 6 ,  which can not  be imposed upon equat ion 1 7  

( t h i s  equat ion  desc r ibes  flow due t o  concent ra t ion  g rad ien t s  only and not  t o t a l  

p re s su re  g rad ien t s ) .  

2 2 crn /sec and 13.5 cm / s e c ,  r e spec t ive ly .  

~ 

Note t h a t  equat ions 16 and 1 7  have t h e  same form but  d i f f e r e n t  dependent 

v a r i a b l e s  and t r a n s p o r t  coe f f i c i en t s .  One may t h e r e f o r e  expect t h e  genera l  

s o l u t i o n s  of t he  t w o e q u a t i o n s t o  be similar. By the  methods of Laplace t r ans -  

forms, t he  genera l  s o l u t i o n  t o  equat ion 17 f o r  t h e  semi- inf in i te  s o i l  model 

and f o r  an a r b i t r a r y  t i m e  vary ing  boundary condi t ion  is  e a s i l y  obtained as 

where c ( t )  i s  the  t i m e  varying boundary condi t ion.  The s o l u t i o n  t o  equat ion 16 

d i f f e r s  only by t h e  term accounting f o r  t h e  i n i t i a l  temperature To ( the  i n i t i a l  

condi t ions  f o r  t h e  two equat ions were previously s p e c i f i e d  as a zero concentra- 

t i o n  of exhaust gas i n  the  s o i l  and a uniform temperature T 

Therefore ,  f o r  t he  s o l u t i o n  t o  equat ion 16 one obta ins .  

S 

i n  t he  s o i l ) .  
0 

where T ( t )  i s  t h e  t i m e  varying temperature boundary condi t ion .  
S 
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The i n t e g r a l  term of equat ion  19 and 20 may be  a n a l y t i c a l l y  evaluated 

f o r  c e r t a i n  func t iona l  forms of c ( t )  and T (t). 

For boundary condi t ions  sketched i n  Figures 3, 4 ,  and 5,  t h e  r e s u l t s  a re .  

S 8 
0 

- C = e r f c  - X - e r f c  X 

C S 2& 2 m r q  

f o r  t h e  boundary condi t ion  (corresponding t o  Figure 3) 
. 

- e r f  - 
m 

X 

C 
s max J4D(t - tl) 

+ [ exp -x 2 /4D(t - t l )  - & exp -x 2 /4Dt ] 
t, 6 
A 

(22) 

where c 

Figure 4) 

= b t l ,  and f o r  t h e  boundary condi t ion  (corresponding t o  
s m a x  

1 
S 

1 = { b t  0 , , t > t  o < t L t  
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- 6 (exp - x 2 /4Dt) 

+ (1 - i ) [ x d F )  [exp - x 2 /4D(t - tl)] 

where C 

F igure  5 )  

= b t l ,  and t h e  boundary condi t ions  (corresponding t o  s max 

1 b t  , O < t < t  

< t < t l ( n  + 1 )  1 
’ - (b /n ) t  + ( 1  +--) b t l  

0 , t > t l ( n  + 1) 

S 

An approximate s o l u t i o n  of equation 19 may be obtained f o r  values  of 

t i m e  l a r g e  compared t o  t h e  t i m e  a t  which t h e  su r face  concent ra t ion  goes t o  

zero.  Denote t h e  t i m e  a t  which t h e  sur face  concentrat ion goes t o  zero a s  
tf ( t f  corresponds t o  t i n  Figure 4 and 5 ,  and n t  (1 +--I 1 i n  Figure 5 ) .  

1 0 
Then, f o r  t >> t equat ion 19 reduces t o  f ’  
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i -  

o r  

t 1 f c  s .  (T) d.r I 
X t f  2 0 

exp (-x / 4 D t )  c ( x , t )  = -- 
JGiT t3/* 

¶ 

2 
exp (-x /4Dt) (csIavg c ( x , t )  = - - X tf 

t3l2 

where ( c  ) is  simply t h e  t i m e  averaged su r face  concentrat ion.  s avg 

As explained i n  Sec t ion  3.3.2, t h e  temperature boundary condi t ions  should 

be  approximately t h e  same as t h e  exhaust gas  concent ra t ion  boundary condi t ions .  

Therefore  t h e  same func t iona l  r e l a t i o n s  (equat ions 2 1 ,  22, 23, and 24) a l s o  are 

v a l i d  expressions f o r  (T - T ) / T  once a i s  s u b s t i t u t e d  f o r  D. o s  

Selec ted  curves represent ing  the exhaust gas concentrat ion p r o f i l e s  are 

shown i n  Figures  7 ,  8, and 9. I n  each f i g u r e ,  t h e  curve i n t e r s e c t i n g  t h e  

o r d i n a t e  a t  1.0 r ep resen t s  t h e  concentrat ion p r o f i l e  a t  engine cu t  o f f  t i m e .  

Curves could be  p l o t t e d  f o r  t i m e s  l e s s  than t h e  engine c u t  off  t i m e .  Such 

curves would s t i l l  i n t e r s e c t  the  ord ina te  a t  1.0,  but  t he  concent ra t ion  would 

decrease  more quickly wi th  depth. 

t i o n  of  exhaust gas  r e t u r n s  t o  zero ,  and t h e r e f o r e  f o r  t i m e s  g r e a t e r  than  the  

engine cu t  of f  t i m e ,  t h e  curves i n t e r s e c t  t h e  o rd ina te  a t  0.  Exhaust gas 

begins  t o  d i f f u s e  out of t h e  s o i l  as soon as t h e  engine cu t s  o f f ,  and t h e  

exhaust  gas  concent ra t ion  a t  a l l  depths t h e r e f o r e  decreases  with t i m e .  

t h a t  t h e  d i f f u s i o n  out  of t h e  soil is a l s o  q u i t e  rap id .  

one minute t h e  concent ra t ion  c/cs at any depth is genera l ly  less than 0.05. 

After  engine c u t  o f f ,  the  su r face  concentra- 

Note 

Af te r  approximately 

Temperature p r o f i l e s  were no t  p lo t t ed  because t h e  va lue  of [T(x , t )  - To] 

approaches zero very quickly wi th  increasing depth x. For example, f o r  t h e  

r e c t a n g u l a r  wave boundary condi t ion  of Figure 3 using tl = 7 sec, t h e  va lue  

of (T - T ~ ) / T ~  a t  x = 1 an is less than 0.01 f o r  any t i m e  t. 

r e s u l t  of t he  small va lue  of t he  thermal d i f f u s i v i t y  and t h e  s h o r t  time which 

t h e  s u r f a c e  is heated by t h e  exhaust gases ,  only t h e  s o i l  w i th in  one cent imeter  

of t h e  s u r f a c e  i s  appreciably heated. 
(T - T )/T varies rap id ly  from 1.0 t o  less than 0.01, and f o r  x > 1 a, (T - To)/Ts 
remains less than 0.01 f o r  a l l  t i m e  t .  

Thus, as a 

That i s ,  near  t h e  su r face  (x < 1 cm), 

o s  
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One may now j u s t i f y  t h e  assumption made earlier t h a t  t h e  temperature  0 grad ien t s  should a f f e c t  t he  gas flow only t o  a small degree.  That i s ,  t h e  

gas d i f f u s e s  i n t o  t h e  s o i l  a t  a much h igher  rate than  t h e  hea t  i s  conducted 

i n t o  t h e  s o i l .  Thus, except very near t h e  s u r f a c e ,  t h e  gas  d i f f u s e s  through 

s o i l  a t  a temperature T t h e  i n i t i a l  temperature.  ,To show t h a t  t h i s  i s  

t r u e ,  no te  t h a t  t h e  s o l u t i o n s  of equations 19 and 20 con ta in  x, and D o r  a 

always Thus, fo r  a s p e c i f i c  time t ,  c/cs and ATITS have 

the  same numerical va lues  a t  d i f f e r e n t  depths  x and x 

the x and x are r e l a t e d  as 

0' 

2 2 as x /D o r  x /a. 

r e spec t ive ly ,  where 
C T' 

C T 

o r  

2 
T 

D a 

X 
2 

X 
C - = -  

Y 

X 

X 
c =E 
T 

2 -3 2 From values  of D and a previously obtained (D = 13.5 c m  / s ec ,  a = 10 

one ob ta ins  x /xT t 100, o r  xc = 100 xT. I n  o ther  words, t h e  ''wave f ront ' '  

r epresent ing  gaseous d i f f u s i o n  has proceeded, a t  any t i m e  t ,  t o  a depth about 

100 t i m e s  t h e  depth of t h e  temperature "wave f ron t . "  

cm / sec)  

C 

3.3.5 Simultaneous Dif fus ion  and Adsorption 

As exhaust gas d i f f u s e s  i n t o  the  Mars s o i l ,  s e l e c t i v e  adsorp t ion  of t h e  

exhaust gas cons t iuents  by t h e  soil p a r t i c l e s  may occur. Now, two types of 

adsorp t ion  are poss ib le .  Physical  adsorp t ion  of a p a r t i c u l a r  spec ie  by a 

s u r f a c e  tends t o  t ake  p l ace  simply through fo rces  of phys ica l  a t t r a c t i o n  similar 

t o  those  causing t h e  dev ia t ions  of real  gases  from i d e a l  l a w s ,  t h e  l i que fac t ion  

of gases ,  etc.  On t he  o the r  hand, chemical adsorp t ion  r e s u l t i n g  from the  forma- 

t i o n  of s t rong  chemical bonds between t h e  adsorbent and t h e  adsorbate  may occur. 

General ly  speaking, t h e  adsorbed component has a f i n i t e  average " l i fe t ime"  wi th  

the  r e s u l t  t h a t  a desorp t ion  process a l s o  occurs.  

reached whenever t h e  desorp t ion  r a t e  equals  t h e  adsorp t ion  rate. 

A s teady  s ta te  condi t ion is  
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There is no sharp  demarcation between phys ica l  adsorp t ion  and chemical 

The hea t  of adsorpt ion,  y e t  gene ra l  d i s t i n c t i o n s  have become obvious (14) .  

adsorpt ion f o r  chemical bonds i s  normally an  o rde r  of magnitude g r e a t e r  than  

f o r  phys i ca l  bonds. Phys ica l  adsorpt ion gene ra l ly  t akes  p l ace  at much lower 

temperatures than  chemisorption. 

may r e q u i r e  an apprec iab le  a c t i v a t i o n  energy whereas phys i ca l  adsorpt ion 

r equ i r e s  no a c t i v a t i o n  energy. 

f a c e  being c l ean ,  and even then n o t  a l l  c lean  s u r f a c e s  are a c t i v e  i n  chemi- 

sorp t ion .  

conditions of temperature  and pressure.  

b a t e  can no longer  make d i r e c t  contact wi th  the  s u r f a c e  and i s  the re fo re  a 

s i n g l e  molecular l a y e r  process .  

a p p l i e s ,  and under s u i t a b l e  condi t ions of temperature and pressure ,  phys ica l ly  

adsorbed l a y e r s  many molecules t h i c k  can b e  obtained.  

0 

Chemisorption, being a chemical r e a c t i o n ,  

Chemisorption depends upon t h e  adsorbent sur -  

Phys ica l  adsorp t ion  takes p lace  on a l l  su r faces  under the  co r rec t  

Chemisorption ceases when t h e  adsor- 

With phys ica l  adsorp t ion  no such l i m i t a t i o n  

Af te r  s tudying t h e  f a c t o r s  con t ro l l i ng  adsorp t ion  processes ,  it appears 

t h a t  few conclusions can b e  reached regarding t h e  p r o b a b i l i t y  of physical  

and/or chemical adsorp t ion  of cons t i t uen t s  of t he  exhaust gas mixture by t h e  

Mars s o i l  model assumed. Too many unknowns e x i s t .  

t u r e  and t h e  ex ten t  of su r face  heat ing by t h e  exhaust gas  must be known 

p rec i se ly .  The p r i o r  amount of adsorpt ion of Mars atmospheric gases by 

t h e  s o i l  is  important s i n c e  i t  r e l a t e s  t o  t h e  "c leanl iness"  of t h e  s o i l  

( a s  noted above, chemical adsorpt ion is  very much dependent upon t h e  s o i l  

p a r t i c l e  su r face  condi t ions) .  Even i f  a l l  temperatures ,  p ressures ,  and sur-  

f a c e  condi t ions  were determined, a mathematical a n a l y s i s  of t he  t r a n s i e n t  

adsorpt ion-desorpt ion processes  would n o t  be poss ib l e  simply because very 

l i t t l e  experimental  d a t a  is a v a i l a b l e  concerning t h e  rates a t  which adsorp- 

t i o n  and desorp t ion  of gases  by s o l i d s  takes  p lace .  

exist f o r  t h e  equi l ibr ium s ta te  of gases i n  contac t  wi th  s o l i d s .  Such d a t a  

are usua l ly  presented as adsorp t ion  isotherms; t h a t  i s ,  curves of mass 

adsorbed versus  gas  pressure .  

equi l ibr ium da ta ,  unfor tuna te ly ,  and s i n c e  t h e  exhaust gas-so i l  i n t e r a c t i o n  

is a r e l a t i v e l y  f a s t  t r a n s i e n t  process,  equi l ibr ium adsorp t ion  d a t a  are of 

no use.  

The i n i t i a l  s o i l  tempera- 

0 

Some adsorp t ion  d a t a  

Rate c o e f f i c i e n t s  can not  be deduced from 

Aronowitz, e t  a l . ( l )  i n  t h e i r  i nves t iga t ion  of l una r  su r face  contamina- 

t i o n  were a l s o  handicapped by lack  of r e l evan t  d a t a  on adsorpt ion and desorpt ion.  

Af t e r  cons iderable  d i scuss ion  and presenta t ion  of a s imple theory t o  c a l c u l a t e  0 
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t h e  average l i f e t i m e  of va r ious  chemisorbed gases  on s i l i ca te  rock,  it was 

concluded t h a t  t he  theory allowed at b e s t  only rough order  of magnitude 

estimates of t h e  l i f e t i m e s .  

c o e f f i c i e n t "  ( a c t u a l l y  t h e  adsorpt ion p r o b a b i l i t y )  of gases  impinging on t h e  

luna r  su r face .  However, t h e  f i n a l  conclusion of t h e  r epor t  w a s  t h a t  t o  de te r -  

mine t h e  d i s t r i b u t i o n  of adsorbed exhaust gas  on t h e  l u n a r  s u r f a c e  i t  i s  

necessary t o  know t h e  rates of adsorpt ion and desorp t ion ;  experimental  d a t a  

are needed s i n c e  almost no r e l i a b l e  date are otherwise a v a i l a b l e .  

a 
Calcula t ions  were a l s o  presented  on t h e  "s t ick ing  

Even though t h e  necessary adsorpt ion and desorp t ion  rates f o r  exhaust 

gases  i n  t h e  Mars s o i l  are not  present ly  a v a i l a b l e ,  s o l u t i o n s  of equat ions 13 

and 14 have been obtained ( f o r  a s p e c i a l  case) .  I f  adsorp t ion  and desorpt ion 

rates become a v a i l a b l e  i n  t h e  f u t u r e ,  t h e s e  s o l u t i o n s  w i l l  prove use fu l .  

F i r s t ,  consider  the  de r iva t ion  of equat ion 13 and 1 4 .  

t i o n  may be  accounted f o r  by including appropr ia te  "source" and "sink" terms 

i n  t h e  d i f f u s i o n  equat ion (equat ion 12) f o r  each component of t he  gaseous 

m i s  t u r e  . Thus, 

Adsorption and desorp- 

d i  

d i  

C 
2 

a t  ax d d i  

ac - i =e Dm - a ci + x c - Xc(l - c ) p  

t h  where ci is  the  concent ra t ion  of t h e  i 

term and accounts f o r  t h e  desorpt ion process;  cdi i s  t h e  concent ra t ion  of 

adsorbed gas and Ad is t h e  r ec ip roca l  l i f e t i m e  f o r  desorp t ion  wi th  the  product 

'dCdi 
s o i l .  This source term A c r e f l e c t s  t h e  assumption t h a t  desorp t ion  i s  propor- d d i  
t i o n a l  t o  t h e  number of p a r t i c l e s  previously adsorbed. 

is t h e  s i n k  term and accounts f o r  t h e  adsorp t ion  process .  The absorp t ion  rate i s  

p ropor t iona l  t o  t h e  rate a t  which molecules s t r i k e  the  su r face  of t h e  S o i l  p a r t i c l e s ,  

and t h i s  is propor t iona l  t o  t h e  pressure  -- hence t h e  f a c t o r  p i n  t h e  product above. 

Also, t h e  adsorp t ion  ra te  is propor t iona l  t o  t h e  degree of previous adsorpt ion.  

To r e f l e c t  t h e  previous adsorp t ion ,  l e t  c d i  

d i  d i  d i  time and C be t h e  s a t u r a t i o n  value of c 

s u r f a c e  area f r a c t i o n  not  y e t  covered. 

w i t h  dimensions of p a r t i c l e s  (or  mass) pe r  u n i t  t i m e  pe r  u n i t  volume p e r  u n i t  

p re s su re .  This model of s u r f a c e  adsorpt ion is  pa t te rned  a f t e r  t h e  well-known 

Langmuir model. 

gas .  The product Adcdi i s  t h e  source 

having dimensions of particles (or  mass) pe r  u n i t  t i m e  per  u n i t  volume of 

The product X [l - (cdi/Cdi)]p 
C 

be t h e  adsorbed concent ra t ion  a t  any 

Thus [l - ( c  . / C  .) ]  represents  t h e  
d i  

The f ac to r  ?, is a p r ~ p c r t i c ~ a l i t y  cnnstant  
C 
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A second e q u a t i o n ’ i s  requi red  - a conservat ion equat ion  f o r  t h e  adsorbed 

0 gas, CdiS 

d i  

‘di 

C d i  ac 

a t  
- -  - XC(l - -)p - AdCdf 

I n  both equat ions,  p may be  replaced by c.kT s i n c e  p = cikT f o r  a p e r f e c t  

gas  where k is  Boltzman’s cons tan t .  

< < l ( a d s o r p t i o n  not near  t h e  s a t u r a t i o n  value) then t h e  expressions 
‘di/‘di 
may be l i nea r i zed .  Redefining A as A = kTA and neglec t ing  c /C one 

ob ta ins  equat ions 13 and 14 given previously,  

1 
Both equat ions above are non l inea r ,  but  if 

d i  d i ’  C C C 

2 

i + AdCdi - ACCi 
a ci a c  

a t  
- 

Dm 2 
-e: 

ax 

AcCi - AdCd 
a ‘di - =  

a t  

A genera l  s o l u t i o n  t o  these  equations can be found by t h e  method of 

Laplace t ransforms,  however, t h e  r e s u l t i n g  i n t e g r a l s  are complex and d i f f i -  

c u l t  t o  work with.  

i n t e r e s t i n g  case is when t h e  adsorpt ion ra te  is  q u i t e  r ap id  and t h e  desorp- 

t i o n  rate i s  slow. One may then neglect t h e  t e r m  A c 

term is re t a ined  i n  equat ion 14 i n  order t o  a s su re  the  co r rec t  asymtot ic  

behavior  of c 

With t h e  term A c 

and 14 are found t o  be 

A more p r a c t i c a l  approach is  t o  note  t h a t  t he  phys ica l ly  

i n  equat ion 13. The d d i  

f o r  l a r g e  t i m e s .  d i  

i n  equat ion 13 neglected,  t he  s o l u t i o n s  of equat ions 13 
d d i  

and 
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4. SUMMARY AND RECOMMENDATIONS 

The f ind ings  of t h i s  a n a l y t i c a l  s tudy  on t h e  t r a n s p o r t  of hea t  and rocket  

engine exhaust gas i n t o  t h e  Mars s o i l  are reviewed i n  t h i s  s ec t ion .  

Since t h e  h e a t  and gas  t r anspor t  p r e d i c t i o n s  are very dependent on t h e  

d i f f e r e n t i a l  equat ions chosen t o  model t h e  t r a n s p o r t  processes ,  i t  was necessary 

t o  g ive  cons iderable  a t t e n t i o n  t o  the proper  formulat ion of t h e  governing equa- 

t i o n s .  

near  f i e l d  region and a f a r  f i e l d  region based on the  t o t a l  p ressure  d i s t r i b u -  

t i on .  

s impl i fy ing  assumptions were necessary t o  ob ta in  equat ions amenable t o  so lu t ion .  

Heat t r a n s f e r  i n t o  t h e  s o i l  of both reg ions  i s  p r imar i ly  by conduction and not  

by convection; hence convection i s  neglected.  Mass t r a n s p o r t  is assumed t o  b e  

independent of temperature g rad ien t s  i n  t h e  s o i l .  

The Mars su r face  reg ion  exposed t o  exhaust  gases  w a s  separated i n t o  a 

Heat and mass t r anspor t  equat ions were developed f o r  each reg ion ,  bu t  

Gas flow i n t o  t h e  s o i l  of t h e  near f i e l d  region ( t h a t  su r f ace  area w i t h i n  

a d i s t a n c e  of t e n  nozzle  e x i t  r a d i i  from t h e  flow f i e l d  s tagnat ion  po in t )  is  

governed by a nonl inear  d i f f e r e n t i a l  equat ion  which r equ i r e s  a numerical  solu- 

t i on .  A s o l u t i o n  t o  t h i s  equat ion  was no t  obtained f o r  several reasons: 

(a )  the t o t a l  p re s su re  v a r i e s  rap id ly  wi th  t i m e  and p o s i t i o n  i n  the  near  f i e l d  

area -- such a boundary condi t ion  complicates any s o l u t i o n ,  (b) t he  near  f i e l d  

area i s  a c t u a l l y  q u i t e  small (approximately a four  foo t  rad ius  d isk 'about  t h e  

s t agna t ion  poin t )  and is thus  not extremely important ,  and (c) obtaining any 

numerical  s o l u t i o n s  t o  t h e  nonl inear  equat ion  would have l i k e l y  requi red  s ig-  

n i f i c a n t  computer t i m e  and expense. 

G a s  flow i n t o  t h e  s o i l  of t h e  f a r  f i e l d  region ( t h a t  su r f ace  area beyond 

a d i s t a n c e  of t e n  nozzle  e x i t  r a d i i  from the  flow f i e l d  s tagnat ion  po in t )  w a s  

analyzed i n  d e t a i l .  Concentration g rad ien t s  are t h e  primary d r iv ing  fo rce  f o r  

d i f f u s i o n  i n t o  t h e  s o i l  of t h e  f a r  f i e l d  region s i n c e  t h e  t o t a l  p ressure  remains 

a t  t h e  ambient. The set of d i f fus ion  equat ions ,  one f o r  each gas d i f f u s i n g  i n  

t h e  multicomponent mixture ,  can not  be solved because the  numerous d i f f u s i o n  

c o e f f i c i e n t s  are unknown. Analyt ical  methods simply can not  be employed f o r  

t r a n s i e n t ,  multicomponent d i f fus ion  problems wherethe number of gases  i n  t h e  

mixture  exceeds th ree .  Therefore,  t he  problem of exhaust gas d i f f u s i n g  i n t o  

t h e  s o i l  i n i t i a l l y  containing Mars atmospheric gases  i n  the  pores w a s  s imp l i f i ed  a 
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t o  a b inary  d i f f u s i o n  problem. 

of a b inary  mixture ,  was assumed t o  d i f f u s e  i n t o  t h e  s o i l  i n i t i a l l y  conta in ing  

Mars atmospheric gas ,  t h e  second component. 

The exhaust gas ,  considered as one component a 
Solu t ions  t o  t h e  d i f f u s i o n  equation were obtained u t i l i z i n g  proper  va lues  

of t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  and reasonable  boundary condi t ions .  

boundary condi t ions  were chosen wi th  cons idera t ion  t o  t h e  rate of descent  of 

t he  spacec ra f t .  The r e s u l t s  i n d i c a t e  t h a t  d i f f u s i o n  of gas i n t o  t h e  s o i l  i s  

s i g n i f i c a n t  only t o  a depth of approximately 30 cent imeters  below t h e  su r face .  

Below 30 cent imeters ,  t h e  m a x i m u m  concent ra t ion  of exhaust gases  is  approxi- 

mately 0 .1  t h a t  a t  t h e  sur face .  Generally speaking, d i f f u s i o n  i n t o  t h e  s o i l  

s u r f a c e  i s  subjec ted  t o  exhaust gas flow f o r  only a s h o r t  per iod of t i m e  ( l e s s  

than 10 sec). 

t o  d i f f u s e  i n t o  t h e  s o i l  before  the engine s h u t s  down. The exhaust gas t h a t  

does d i f f u s e  i n t o  t h e  s o i l  a l s o  rap id ly  d i f f u s e s  out  of t h e  s o i l  once t h e  

engine cu t s  o f f .  Calcu la t ions  show t h a t  a f t e r  as s h o r t  a t i m e  as 60 seconds,  

t h e  amount of exhaust gas remaining i n  t h e  s o i l  i s  n e g l i g i b l e .  

The 

Thus, a s i g n i f i c a n t  quan t i ty  of exhaust gas  does no t  have t i m e  

The e x t e n t  of adsorp t ion  of exhaust gases  by t h e  Mars s o i l  remains unknown. 

Absence of experimental  d a t a  on adsorpt ion and desorp t ion  rates precludes a 

q u a n t i t a t i v e  a n a l y s i s  t o  determine t h e  amounts of exhaust gases ,  i f  any, t h a t  

are adsorbed i n  t h e  s o i l .  Since information on the  adsorpt ion-desorpt ion 

phenomena is necessary f o r  a thorough knowledge of t h e  contamination e f f e c t s  

of exhaust gas on t h e  Mars s o i l ,  it i s  recommended t h a t  an experimental  e f f o r t  

be considered t o  determine adsorpt ion and desorp t ion  rate c o e f f i c i e n t s  i n  

va r ious  s o i l  models. 

of exhaust gas water vapor adsorpt ion (o r  condensation, which is  simply a 

phys ica l  adsorp t ion  process)  by the s o i l ,  experimental  emphasis should be  

placed on t h e  water vapor adsorpt ion-desorpt ion process.  

placed i n  a conta iner  which i s  then evacuated t o  the  approximate atmospheric 

p re s su re  on Mars. The s o i l  temperature a l s o  should be con t ro l l ed  by hea t ing  

o r  cool ing  c o i l s .  Then, adsorpt ion and desorp t ion  processes  may be  i n i t i a t e d  

by i n j e c t i n g  water vapor i n  cont ro l led  amounts i n t o  t h e  conta iner .  

recorded p res su re  versus  t i m e  da t a  may be c o r r e l a t e d  wi th  simple adsorpt ion-  

desorp t ion  mathematical models i n  order  t o  determine adsorpt ion and desorp- 

t i o n  rate c o e f f i c i e n t s .  These c o e f f i c i e n t s  may then be u t i l i z e d  i n  t h e  d i f f e ren -  

t i a l  equat ion  governing gas d i f fus ion  wi th  simultaneous adsorp t ion  and desorp t ion  

i n  t h e  Mars s o i l .  

Since primary i n t e r e s t  p re sen t ly  l ies  i n  t h e  ques t ion  

A s o i l  model can be 

The 
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If i n t e r e s t s  i n  t h e  near  f i e l d  s o i l  contamination problem inc reases ,  then  * it  i s  a l s o  suggested t h a t  an experimental  program b e  undertaken t o  measure 

exhaust gas p re s su re  a t  t h e  s o i l  su r f ace  as a func t ion  of t i m e  and d i s t a n c e  

from t h e  s t agna t ion  po in t .  The gas flow i n t o  t h e  s o i l  i n  t h e  near  f i e l d  area 

is  caused by t h e  changes i n  t o t a l  p ressure  a t  t h e  s u r f a c e  and i s  descr ibed by 

a nonl inear  d i f f e r e n t i a l  equation. 

p re s su re  condi t ions  a t  the  s u r f a c e  w i l l  al low a computer s o l u t i o n  of t h e  

governing equat ion.  

Precise knowledge of t h e  r ap id ly  varying 
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